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NOTE  ON  THE  TEMPERATURE  SCALE  BETWEEN 

100^  AND  500^  C 


By  C.  W.  Waidner  uxl  G.  IC  Bragm 


At  the  present  time  the  standard  scale  of  temperatures  in  the 
interval  o^  to  loo^C  is  that  defined  in  a  resolution  of  the  Inter- 
national Committee  on  Weights  and  Measures,  namely,  that  of 
the  constant-volume  hydrogen  thermometer.  ^  Above  loo^  tem- 
perature measurements  have  been  made  with  air,  hydrogen,  and 
nitrogen  thermometers,  and  in  recent  years  there  seems  to  be  a 
preference  to  work  with  the  constant-volume  nitrogen  ther- 
mometer. 

In  a  previous  paper '  the  authors  determined  the  melting  and 
freezing  points  of  a  number  of  metals  on  the  temperature  scale 
defined  by  the  platinum  resistance  thermometer  calibrated  in  ice, 
steam,  and  sulphur  vapor  (444^.70  on  the  constant- volume  nitro- 
gen thermometer).  In  order  to  throw  further  light  on  the  prob- 
able accuracy  of  the  temperature  scale  so  defined,  in  the  interval 
100^  to  500^  C,  the  authors  have  made  some  further  measurements 
by  the  same  method  on  the  boiling  points  of  naphthaline  and 
benzophenone,  which  temperatures  have  been  determined  by  a 
number  of  observers  using  both  platinum  and  gas  thermometers. 

Four  thermometers  were  used,  made  of  difiFerent  sizes  of  pure 
platinum  wire  from  Heraeus  and  from  Johnson,  Matthey  &  Co., 
and  having  fundamental  intervals  ranging  from  i.i  to  10.6  ohms. 
Three  of  these  thermometers  were  used  both  as  Siemens  three- 
lead  compensated  and  as  four-lead  potential  terminal  thermome- 
ters. The  apparatus  and  methods  are  fully  described  in  the 
previous  paper. 

The  boiling  points  were  determined  with  the  sulphur-boiling 
apparatus,  using  glass  tubes  about  4.5  cm  diameter  and  45  cm 

'  References  will  be  found  at  the  end  of  the  paper. 


Bulletin  of  the  Bureau  of  Standards 


[VoL7»No.i 


long,  furnished  with  a  side  condenser  tube  with  inlet  near  the  top, 
and  the  thermometer  was  shielded  by  an  aluminium  cone  in  exactly 
the  same  way  as  in  sulphur.  With  this  shield  omitted,  the  ther- 
mometer readings  were  about  o°.o8  low  in  naphthaline  and  0^.35 
low  in  benzophenone.  Raising  the  thermometer  6  cm  produced 
a  lowering  in  temperature  of  less  than  0*^.02. 

Besides  the  boiling-point  determinations,  a  few  measurements 
were  also  taken  of  the  freezing  points  of  tin,  cadmium,  and  zinc  to 
compare  with  the  previous  work.  The  results  are  given  in  Tables 
I  and  II.  It  will  be  seen  that  the  freezing  points  newly  determined 
are  practically  identical  with  those  previously  foimd  by  the 
authors,  showing  that  the  temperature  scale  of  the  present  work 
is  in  agreement  with  that  of  the  previous  investigation. 

TABLE   I 

Detennmations  of  Boiling  Points  of  Naphthaline  and  Benzophenone, 
Wheatstone  Bridge  and  Potentiometer  Methods 

On  Ice,  Steam,  Sulphur  (=444.70)  Scale  of  Platinum  Resistance  Thermometer 

1.  BOIUNO  POINT  OF  NAFHTHALINB 


Date 

1910 

Therm. 
No. 

Mettl- 
ed 

Ob- 
served 
RetM- 

ance 

Ro 

F.I. 

d 

Obs. 

Pt 
Temp. 

-Ptn. 

Obs. 

Temp. 

el 
BoUlnf 

Re- 
duced 
Barom- 
eter 

BoUIng 
Point 

Substance 

3.29 

1787  B 

W.B. 

20.8987 

11.5263 

4.3787 

1.513 

214.04 

217.93 

758.34 

218.03 

K 

3.30 

«• 

<i 

20.8953 

«• 

44 

44 

213.97 

2ir.85 

756.74 

218.04 

K 

4.19 

•• 

•• 

20A572 

11.5262 

4.3784 

44 

213.11 

216.95 

74^.11 

217.99 

Kl  recrya 

3.29 

1787  C 

W.B. 

6.33964 

3.47222 

1.33965 

1.505 

214.04 

217.91 

757.99. 

218.03 

K 

3.30 

«4 

•1 

6.33815 

II 

44 

44 

213.93 

217.79 

756.54 

217.99 

K 

4.19 

«• 

•t 

632746 

3.47219 

1.33975 

44 

213.12 

216.94 

742.03 

217.98 

K  1  rectys 

8.29 

1787  D 

W.B. 

51.6262 

28.7925 

10.6674 

1.500 

214.05 

217.90 

757.98 

218.02 

K 

4.15 

a« 

M 

51.5562 

28.7923 

44 

44 

213.40 

217.22 

747.06 

217.97 

K  1  leciys 

4.19 

•• 

<l 

51.5307 

28.7921 

10.6675 

44 

213.16 

216.97 

742.49 

217.99 

K  1  recrya 

4.28 

M 

P.T. 

51.5706 

28.7801 

10.6623 

44 

213.75 

217.59 

753.15 

217.99 

K 1  leciya 

4.15 

1787  F 

W.B. 

5.27421 

2.89055 

1.11702 

1.502 

213.39 

217.21 

746.89 

217.97 

Kl  rectys 

4.19 

•• 

«< 

5.27122 

•4 

44 

44 

213.13 

216.94 

742.33 

217.97 

K  1  leciya 

4.28 

<• 

P.T. 

5J2087 

2.93016 

1.11854 

1.500 

213.73 

217J7 

752.85 

217.98 

Kl  recrya 

<4 

•• 

•« 

5.32080 

•1 

41 

4« 

44 

44 

752.94 

217.98 

Klreciya 

BoiUm  ] 

Point  Of  N 

apbfhal 

iie,Kab 

Ibaum 

.   218.02^:00)14 

14 

44    « 

44 

"         1 

1 

.  217.98db0.01i 

1 

1 

1 

Some  measurements  made  in  1907  by  one  of  the  authors  also  gave  for  Kahlbaum  naphthaline 
boiUnc  point  ax8<'.oa. 
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TABLE  I— Continued. 


Determinations  of  Boiling  Points  of  Naphtbaline  and  Benzophenone, 
Wheatstone  Bridge  and  Potentiometer  Methods — Continued. 

2.  BOILmG  POniT  OF  BBHZOPHSHOHX 


TMOt 

1910 

TlmnL 
Ho. 

MeCh. 
od 

Ob- 

OOfVOd 

RosM- 

•nco 

lU 

F.I. 

a 

Obt. 

Pt. 

Tom^ 

-Ptb 

Obt. 
Boliiiif 

Ro- 
dneod 
Btrom* 

otor 

BolUiii 
Point 

SvbitoiiM 

4.6 

1787  B 

W.B. 

24.4616 

11.5263 

4.3787 

1.513 

295.41 

304.85 

741.14 

306UM 

AA 

M 

M 

24.4884 

M 

•4 

44 

29600 

305.53 

751.20 

3060)0 

4.14 

M 

M 

24w4989 

«4 

44 

44 

296.27 

30S.79 

752J1 

306.27 

M2racn« 

SJ 

M 

P.T. 

24.4585 

11.50955 

4.3739 

1.511 

295U>5 

30534 

751.86 

3060)5 

K  lOCfJPB 

4L6 

1787  C 

W.B. 

7.42996 

3.47222 

1J3965 

1J05 

295.43 

304.83 

7420)1 

3060)2 

AA 

M 

M 

7.43603 

<€ 

44 

44 

295.89 

305.32 

751.99 

305.83 

AA 

1787  D 

W.B. 

603668 

28.7925 

10.6674 

IJOO 

295.99 

305.40 

750.83 

305.98 

M 

M 

M 

60.3716 

M 

•4 

44 

296.03 

305.43 

750.81 

3060)2 

4a4 

M 

M 

603943 

•a 

44 

44 

296.25 

305.68 

752J8 

306.15 

M2racn« 

4.S 

1787  F 

W.B. 

6.19652 

2.89056 

1.11703 

1.502 

295.96 

305.38 

750.92 

305.95 

4^14 

M 

M 

6.19967 

aa 

•4 

44 

296.24 

305.68 

752.15 

306.17 

M2nca8 

&3 

M 

P.T. 

6.24232 

2.93016 

1.11854 

IJOO 

296.11 

305.53 

752.11 

3060)2 

K  lOCfJPB 

nAt|i«« 

^O'lfll  Of  B^ 

•moplii 
44 

auuM  f  K 

l1il1?iiifiii 

,) 

3Mi)0  4.fLaSS 

•1 

14         «4 

(» 

lorck,2i 

rtcqpt) .. 

»" 

K*K,^hnMsim  boot  fiade,  M— Merck,  W^  B.— 
otor,  P.  T.— potontlal  tennlaal  thennomotor, 
in  Hm  fannaUi  t-pC-a(t/100~l)t/100. 


Brldtowtth 
in  i60,F.L- 


throe  load  tbonnom- 
ntal  intorftl,^— ( 


TABLE  II 
Points  of  Tin,  Cadmium,  and  Zinc 

(To  Connoct  With  Tomporitugo  Sodo  ol  Proviont  Intwtlfttioni) 

1.  FRSxzmo  poniT  of  tin 


Dirte 
1910 

xBoim. 
No. 

Motll- 
od 

Ob- 

OOfVOd 

Rodit- 
■nco 

R« 

F.L 

9 

Pt 

Fnox- 

Point 

Ronuuks 

4.2 

1787  F 

W.B. 

VS65 

2.89056 

1.11703 

1J02 

227.31 

231.91 

K  in  Achoaon  fnphite 

AJa 

44 

P.T. 

5.47290 

2.93016 

1.11854 

IJOO 

227.32 

231.91 

44  44     44              44 

Aja 

1787  D 

P.T. 

530)111 

28.7801      10.6623 

1.500 

227.25 

231.84 

44                 44                        44 

Rugo  of  pfwrlout  obaoffaHona  (SHunpiot). . 

• 

231.94 
231.83 

Kftvo  231.92 
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TABLE  II— Continued. 
Freezing  Pomts  of  Tin,  Cadniium,  and  Zinc — Continued. 

2.  fRSBZmO  POINT  OF  CADMIUM 


Dito 
1910 

N«. 

MaCh- 

Ob- 

BmM- 
§nc% 

ft* 

F.L 

i 

Pt 

Frati- 

iBf 

Pitan 

-- 

4.1 

1787  C 

W.B. 

7.63078 

3.47222 

1.33965 

1J05 

310.42 

321.10 

K  fai  AdMMD  gnphito 

«• 

1787  D 

M 

61.9000 

28.792S 

10.6674 

IJOO 

310.36 

321.00 

MM                M                      M 

M 

1787  F 

•« 

6.3S7S5 

2.09056 

1.11703 

1J02 

310.38 

321U» 

M     •«                M                      M 

Raagt  of  pfftviaiw  obMrrationg  (3  naplM) . 

321.05 
1320.39 

Kpiv«  321.01 

3.  FRXBZniO  POINT  OF  ZINC 


4J8 


1787  D 


P.T. 


71.3483 


28.7801 


10.6623 


RAiig!0  of  pfwinis 


1.500 


(5 


399.24 


). 


419.32 

1 419.46 
1419.25 


K  fai  Dinn  fiaflillt,  1907 


419.37 


(3 


For  nomencUture.  wtt  Table  I. 

The  reduction  of  the  boiling  points  to  normal  pressure  was  made 
by  means  of  formulae  satisfying  the  data  both  of  Crafts  and  of 
Jaquerod  and  Wassmer. 

For  Naphthalme :  T^^^  =  T^^,  -  0.058  (H  -  760) . 

For  Benzophenone:  T^^o^  1*06,-0.063  (H-760). 

The  freezing  points  of  250  gram  samples  of  the  naphthaline  and 
benzophenone  used  were  fotmd  to  be  as  follows: 


DMcripdoB 

Fraeiliig  point  of 

BonsoBliHums 

Fn>fii  Kihlbtum 

47.2 
47.2 
46.9 

79.9 

Vrmn  ICahlbiiiin.  rftcrrstallizod 

80.4 

Train  Merck,  rocrrstilllzed 

In  Table  III  are  collected  the  determinations  of  the  boiling 
points  of  naphthaline  and  benzophenone  as  made  by  the  various 
observers,  and  where  possible  the  values  have  been  reduced  to  the 


g^^^SrJ         Temperature  Scale  Between  loo"^  and  300^  C  5 

same  basis,  namely,  to  a  scale  on'  which  the  sulphur  boiling  point 
is  444**.  70. 

TABLE  III 
Boiling  Pomts  of  Naphthaline  and  Benzophenone 


ObMfVtfS 

Malted  tad  BMUfta 

Kayiahallaa 

M 

Ob- 

aadacad 

la 

aB.p.- 

444.70 

Ob- 

aadacad 

la 

aB.p.- 

444.70 

ms 

Cnfti* 

nfdmiB  HhMBflBSlIf ..  .......... 

Pt» XhiBB* cHunad wah  c*^Mf 
thacm.  (&  B.  P.-444J3), 

M                        M                        M 

2ia4M 

217.94 

2114)4 
217M 

21t4M 

218.04 

217.5 
218.0 

2iMM 
217.97 

2iaj07 
(217.65) 

217.99 
217J0 

90SJ2 

SOCOl 

im 

Cidlaiidar    tad    Gilf- 

80189 

1904 

Jaqpamtd   tad    WaM- 
Tnvm  tad  Owtk'..  . 
BUbocnaad  Henaiiic  •. 
WaMaK  Old  BusiMB. . 

909.44 

305. 

ao5.< 

(80M7) 

190S 
1908 
1910 

PlatiBam  OMnBamalar  (&  B.  P^ 

444J3). 

Pt  thacflk  caoMaiad  wah  c  ▼. 
aarafan  thacm.  (83^^44540). 

Platiaaai  OMnaamalar  (&  B.  P^ 
444.70). 

80M7 
aQS.9S 

Reduced  Mean  inclnding  all  obaenratkma 

«          «     excluding  Jaquerod  and  Waaa- 

mmr 

I2d:0.04 

SSdzO-ltf 

It  will  be  seen  that,  with  the  exception  of  the  determinations  of 
Jaquerod  and  Wassmer,  there  is  a  close  agreement.  Their  results 
may  be  low,  owing  to  the  fact  that  the  condenser  of  their  boiling 
apparatus  was  immediately  above  the  gas  thermometer  bulb, 
which  was  not  screened  in  any  way  against  the  cooling  effects  of 
condensation  and  radiation.  It  should  also  be  noted  that  the 
volume  of  their  gas  thermometer  bulb  was  only  66  cc,  which  is 
small  for  work  of  precision.  Their  results  may  be  indirectly  tested 
by  assuming  either  of  their  boiling  points  as  the  third  standardiza- 
tion temperature  of  a  platinum  thermometer  and  using  the  ther- 
mometer so  calibrated  to  determine  the  sulphur  boiling  point. 
This  procedure  would  give  S.  B.  P.  =443*^.0,  a  value  1*^.5  lower 
than  any  determination,  and  for  the  constant  B  of  the  platinum 
thermometer  i  .40  instead  of  the  usual  i  .50  as  found  when  S.  B.  P. » 
444^.7  is  used  as  the  third  standardization  temperature. 
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In  view  of  the  very  general  use  of  the  S.  B.  P.  for  the  standardi- 
zation of  platinum  thermometers,  we  have  summarized  in  Table 
IV  the  results  of  the  more  important  determinations  of  this  tem- 
perature, and  reduced  them  to  the  same  basis,  namely,  that  of  the 
nitrogen  constant-volume  thermometer  under  a  pressure  of  i 
meter  of  Hg  at  o®  C.  The  temperatures  thus  observed  are  obtained 
only  under  very  definite  experimental  conditions  which  are 
described  at  length  in  the  previous  paper  and  elsewhere. 

TABLE  IV 
Boiling  Point  of  Sulphur  by  Gas  Thermometer 


Date 


1862 
1891 

1894 

1900 
1901 

1903 


1909 


Obtanren 


ReKnautt* 

Callendar   and   Orlf- 
fltha.« 

P.  T.  Ratetaaanatatt  >•. . 

Chappnla  and  Harkar  " 
Holbom" 

Rathe  1* 

Bumorfopouloa  ^* 


Method  and  Remarka 


Conatant  volume;  by  Istetpolation. 
Conatant  praiiiue 


Conatant  volume,  Wlebe  and  BUtcher 
acale. 

Conatant  volume,  oorrocted  fcom  445.2... 

Conatant  volume,  extrapolated  l>]r  Pt  re- 


Conatant  volume  P.  T.  R.  acale,  Hg 
thermometera. 

(Thennooouplea  lave  445.0) 

Conatant  preaaure 

(Bxtiapolated  lor  Hg  ezpanalon—  443.7) 

MeanS.B.P 


Obaerved 
S.B.P. 


447J 
444.53 

444.5 

444.7 
444.55 

444.7 


444.55 


Reduced 
to  conat. 
vol.po- 
ImHg 


444.74 

444.5 

444.7 
444.55 

444.7 
444.76 


Weight 


2 

1 

2 

1 


444.68db0.06 


Messrs.  Day  and  Sosman  in  a  recent  elaborate  investigation  " 
with  a  nitrogen  constant-volume  thermometer  at  high  tempera- 
tiu-es  (400  to  1,550**  C)  have  determined  the  freezing  points  of  a 
number  of  metals,  among  them  zinc  and  cadmium,  by  transferring 
from  the  gas  scale  with  thermocouples.  They  find  for  the  freezing 
point  of  zinc  418*^.2,  and  for  cadmium  320*^.0,  whereas  the  platinum 
resistance  thermometer  calibrated  in  ice,  steam,  and  sulphur  vapor 
(444°.7o)  gives4i9**.4and32i°.o  for  zinc  and  cadmium,  respectively,' 
with  a  precision  of  0*^.05  C.  The  explanation  of  this  difference  is  of 
great  importance  in  acciu-ately  fixing  the  gas  scale  in  the  interval 
100  to  500°  C.     If  the  freezing  point  of  pure  zinc  is  418*^.2,  instead 
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of  419^.4,  then  it  would  follow  that  the  boiling  point  of  sulphur 
must  be  443*^.5  instead  of  444^.7,  as  found  by  a  number  of  observers 
as  above  shown.     (See  Table  IV.) 

It  should  also  be  noted  that  the  gas  thermometer  as  used  by 
Day  and  Sosman  was  adapted  primarily  to  give  the  highest  attain- 
able acctu-acy  for  the  higher  range  of  temperatures;  that  is,  above 
1000^  C,  and  that  no  measurements  with  the  gas  thermometer 
itself  were  made  below  400°,  nor  did  they  consider  their  thermom- 
eter of  sufficient  sensitiveness  in  the  lower  temperature  ranges  to 
warrant  a  determination  of  its  fundamental  interval,  o-ioo^  C. 

Some  ftuther  evidence  on  the  accuracy  of  the  gas  scale  that  is 
defined  by  a  platinum  resistance  thermometer  calibrated  in  ice, 
steam,  and  sulphm*  (444^.70)  is  afforded  by  the  comparison  by 
Holbom  and  Henning  of  two  platinum  thermometers  with  a  nitro- 
gen thermometer  in  the  interval  150°  to  200*^  C.  This  work 
shows  that  the  two  scales  so  defined  are  in  agreement  to  within  a 
few  htmdfedths  of  a  degree.  If  the  value  usually  assigned  to  the 
S.  B.  P.  (444°.7o)  were  over  1°  high,  then  the  scale  defined  by 
the  platinum  thermometer  at  200*^  might  be  expected  to  be  about 
o®.2  high,  whereas  these  observers  find  an  extraordinarily  clo^ 
agreement  between  these  two  scales.  It  is  also  of  interest  to  note 
that  these  observers*  give  evidence  that  their  gas  thermometer 
agrees  with  Regnault's  gas  scale  to  within  o**.02  up  to  230®  C. 

In  view  of  the  doubt,  however,  which  is  thrown  on  the  present 
generally  accepted  value  of  the  S.  B.  P.  by  the  work  of  Day  and 
Sosman,  new  determinations  of  this  point  made  with  the  best 
modem  facilities  with  apparatus  designed  for  work  in  this  range 
are  much  to  be  desired.  Ordinarily  one  would  conclude  that  the 
highly  satisfactory  agreement  of  the  determinations  by  so  many 
different  observers,  using  different  methods,  as  summarized  in 
Table  IV,  would  settle  this  point.  A  careful  study  of  the  gas 
thermometers  and  methods  used,  however,  shows  that  they  are  open 
to  many  criticisms,  and  many  refinements  are  now  possible  that  were 
not  available  or  whose  importance  was  not  so  clearly  recognized  at 
the  time  these  determinations  were  carried  out.  Thus,  in  some  of 
these  determinations  air  was  used  as  the  gas  instead  of  nitrogen. 
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Glass  or  porcelain  bulbs,  so  subject  to  changes  in  volume  or  to  the 
emission  or  absorption  of  gases,  were  employed  instead  of  metal 
bulbs.  The  coefficient  of  expansion  of  the  bulb  was  not  always 
determined  with  sufficient  acctu'acy  over  the  whole  of  the  temper- 
ature range,  and  in  some  cases  the  coefficient  used  was  found  by 
an  unwarranted  extrapolation. 

The  use  of  a  uniform  scale  by  different  experimenters  is  always 
most  desirable.  In  view  of  the  very  general  use  of  the  value  444°.? 
as  the  boiling  point  6f  sulphur  on  the  scale  of  the  constant  volume 
gas  thermometer,  and  in  the  light  of  the  evidence  that  is  now 
available,  no  change  in  this  point  is  possible  at  this  time.  It  is 
well  to  bear  in  mind,  however,  that  the  standard  gas  scale  is  not 
yet  definitely  and  certainly  fixed  to  an  accuracy  of  i  ^^  at  450*^  C. 

The  following  fixed  points  represent  the  temperature  scale 
which  appears  to  best  satisfy  the  available  observations  to  o®.i  for 
the  reproduction  of  temperatures  in  the  interval  100°  to  500**  C: 


Bdllac  Points 


Tin 

Cadmium 
Zinc 


231^9  C 
121  .0 
419  .4 


Ntplithaline... 
Bcnzophttnono 
Solpliur 


218^0  C 
306  .0 
444  .7 


As  these  temperatures  are  on  the  constant  volume  scale,  the 
reduction  to  the  thermodjmamic  scale  may  be  effected  approx- 
imately if  desired  by  adding  0^.2  at  the  sulphur  point  and  a  pro- 
portional amoimt  at  the  lower  temperatures,  remembering  that 
this  correction  is  zero  at  100°  C.  All  of  these  substances  may 
readily  be  obtained  of  sufficient  purity  to  give  a  reproducibility  of 
o**.05  C  from  one  sample  to  another. 

Washington,  May  13,  1910. 
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L  INTRODUCTION 

The  new  form  of  candlepower  scale  herein  described  was  designed 
for  use  in  the  precision  photometric  work  of  the  Bureau  of  Stand- 
ards, and  is  the  result  of  an  attempt  to  combine  the  direct- 
reading  feature  of  the  ordinary  commercial  photometer  candle- 
power  scale  with  the  accuracy  possible  in  the  use  of  the  precision 
photometer.  It  is  intended  to  be  used  in  connection  with  an 
automatic  recording  device,  also  designed  for  use  in  the  Bureau 
of  Standards,  and  described  in  the  transactions  of  A.  I.  E.  E.^ 
The  automatic  recorder  eliminates  the  labor  and  possible  errors 
of  reading  and  recording  the  great  ntmiber  of  settings  made  in  a 
series  of  photometric  measurements,  while  the  direct-reading  scale 
described  below  eliminates  the  labor  and  possibilities  of  error 
involved  in  the  considerable  computations  heretofore  necessary 
in  finding  the  values  of  the  lamps  in  terms  of  the  mean  of  a  group 
of  standards. 

n.  THE   PHOTOMBTRIC   APPARATUS   AND   THE   DSTBRMINATION    OF 

CANDLEPOWER 

1.  THB  PRBCISION  PBOTOBCXTSR  AND  MSTBOD  OF  BiBASURBMSHT 

The  precision  work  of  the  bureau  in  the  photometry  of  electric 
incandescent  lamps  is  done  on  a  standard  photometer  of  the 
Reichsanstalt  pattern,  supplied  with  a  Lummer-Brodhun  contrast 
screen,  and  the  measurements  are  made  by  the  substitution 
method;  that  is,  the  standards  and  the  lamps  to  be  compared 
with  them  are  placed,  in  turn,  in  the  socket  near  the  left  end  of 
the  bar,  or  test  side,  and  are  balanced  against  a  comparison  lamp 
placed  near  the  right  end,  or  comparison  side.  In  order  to  elimi- 
nate all  variables  on  the  comparison  side,  and  thus  carry  out  the 
substitution  method  more  perfectly,  the  two  separate  carriages 
supporting  the  comparison  lamp  and  the  photometer  screen» 
respectively,  are  connected  rigidly  by  means  of  adjustable  rods 
(which  are  set  before  measurements  are  made) ,  in  order  to  main* 
tain  a  cotistant  distance  between  the  comparison  lamp  and  the 
screen,  this  distance  being  so  determined  as  to  throw  the  balance 

^  In  a  paper  on  "Carbon  Filament  Lamps  as  Photometric  Standards,"  presented 
by  E.  B.  Rosa  and  G.  W.  Middlekau£f  at  the  Twenty-seventh  Annual  Convention, 
June  28-July  I,  1910. 


Middukaufn  A  New  Form  of  Candlepower  Scale  13 

for  a  lamp  of  given  candlepower  at  or  near  some  desired  distance 
from  the  lamp.  The  illmnination  of  the  comparison  side  of  the 
screen  is  thus  kept  constant  throughout  the  set  of  measurements, 
and  the  candlepowers  of  the  lamps  compared  are  directly  propor- 
tional to  the  squares  of  their  respective  distances  from  the  screen 
when  it  is  set  at  photometric  balance. 

2.  OLD  METHOD  OF  SBADINO  AlfD  RBCORDIHO  SSTTinOS 

Before  the  introduction  of  this  new  device  the  photometer 
settings  were  read  by  the  observer  from  a  centimeter  scale  grad- 
uated on  the  bar,  and  the  reading^were  recorded  by  hand  in  a  book 
provided  for  the  purpose.  From  five  to  fifteen  settings  and  cor- 
responding readings  of  the  scale,  according  to  their  range,  were 
made  on  each  lamp,  thus  making  it  necessary  for  the  observer  to 
record  from  two  to  even  as  many  as  five  times  dining  the  measure- 
ment of  each  lamp,  it  being  impossible  to  retain  in  mind  more  than 
about  three  readings  at  a  time  for  correct  recording. 

This  method  of  reading  and  recording  settings  is  objectionable, 
because  it  consumes  considerable  time  and  involves  the  liability 
of  error,  both  in  reading  and  in  recording,  besides  unnecessarily 
fatiguing  the  eye  by  alternate  reading  of  photometer  screen  and 
scale. 

3.  OLD  METHOD  OF  COMPimif O  CAHDLXPOWXR 

The  readings  having  been  recorded  and  the  mean  reading  found 
for  each  lamp,  it  was  then  necessary,  in  order  to  find  the  candle- 
power  values,  to  perform  a  tedious  set  of  computations  as  shown  by 
the  following  formula : 

^    A+B-i-C-hP+E-i-F 

where  i4,  S,  C,  D,  E,  and  F  are  the  values  of  the  six  standards  (it 
being  desirable  to  use  at  least  this  number  in  every  set  of  measure- 
ments) and  X  is  the  value  of  any  lamp  compared  with  them ;  while 
a,  6,  c,  d,  e,  /,  and  x  are  the  corresponding,  respective,  mean  dis- 
tances of  the  lamps  as  read  from  the  centimeter  scale  on  the  bar. 
Although  these  computations  were  much  abbreviated  by  the  use 
of  a  set  of  tables  prepared  especially  for  this  purpose,  nevertheless 
the  work  was  very  tedious,  involving,  at  the  same  time,  the 
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liability  of  error,  thus  making  it  absolutely  necessary  to  have  all 
the  numerical  work  checked  by  a  second  computer  whose  task 
was  equally  laborious  and  required  fully  as  much  time  as  that  of 
the  first. 

The  ordinary  direct-reading  candlepower  scale,  such  as  used  on 
commercial  photometers,  can  not  well  be  adapted  to  this  class  of 
work,  because  for  precise  measurement  it  is  practically  impossible 
to  adjust  the  comparison  lamp  properly  to  "fit"  the  scale  with 
the  necessary  accuracy;  especially  since,  as  stated  above,  it  is 
desirable  to  employ  at  least  six  standards  in  the  adjustment. 

m.  THE  NEW  APPARATUS 

1.  THB  NBW  FORM  OF  CAlfDLBPOWBR  SCALE 

It  occurred  to  the  author  that  if  the  usual  process  of  adjusting 
the  comparison  lamp  to  fit  the  candlepower  scale  were  reversed 
and  the  scale  were  so  constructed  that  it  would  adapt  itself  to  the 
adjustment  of  the  comparison  lamp  within  certain  reasonable 
limits  the  difficulty  in  using  a  commercial  photometer  scale  for 
precision  work  could  be  avoided  and  the  computations  for  candle- 
power  eliminated.  It  was  found  that  such  a  scale  could  be  com- 
puted and  constructed  in  a  very  simple  and  satisfactory  manner,  as 
explained  below  and  as  will  be  understood  by  referring  to  the 
accompanying  Fig.  2. 

The  scale  proper  is  the  rectangular  area  ABDC  and  is  calculated 
on  the  basis  that  a  i6-cp  lamp  is  to  be  measured  with  the  pho- 
tometer screen  at  a  distance  of  approximately  120  cm  from  the 
lamp,  a  range  of  6  cm  either  side  of  120  cm  being  allowed  in 
the  construction  of  the  scale.  The  sides  AB  and  CD  of  the  rec- 
tangle are  two  ordinary  linear  candlepower  scales  calculated  to 
suit  the  arrangement  of  the  photometer  as  described  in  the  second 
paragraph  above  for  two  diflFerent  adjustments  of  the  comparison 
lamp,  and  the  points  of  graduation  were  determined  by  means  of 
the  formula 

x>_X  a  ,^ 

o>     16 


=  —   or   x  =  -V-^ 


where  a  is  the  distance  of  the  1 6-cp  point  of  graduation  from  the 
lamp  (or  zero  of  the  scale),  being  126  cm  for  the  scale  AB  and  1 14 
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cm  for  the  scale  CD,  and  x  is  the  corresponding  distance  of  any 
other  cp  point  X  on  the  scale  that  is  being  calculated.  The 
rectangle  was  made  30  cm  in  length  so  as  to  include  the  candle- 
power  points  most  commonly  required  in  standardizing  work, 
these  being  indicated  along  the  sides  AB  and  CD.    The  balance 
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Screen 

^^  lamps  having  values  above  or  below  those  indicated,  for 
instance,  32.CP  or  8-cp  lamps,  may  be  thrown  within  this  range 
^y  means  of  rotating  sectored  disks  placed  on  the  proper  side  of 
***  photometer  screen  or,  in  the  case  of  low-intensity  lamps,  by  a 
Method  described  later.    The  diagonal  lines,  all  of  which  are 
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straight,  join  the  corresponding  one-tenth  candlepower  points  of 
graduation  in  the  two  scales;  and  since  these  two  scales  are  divided 
proportionately,  all  .the  diagonal  lines  must  converge  toward  a 
common  point  in  a  line  drawn  through  zero  and  perpendicular  to 
both  scales.  The  slope  of  this  system  of  lines  depends  upon  the 
distance  between  AS  and  CD,  which  may  be  chosen  arbitrarily. 
In  order  to  prevent  too  much  crowding  of  the  diagonal  lines  on 
the  one  hand  and  too  large  a  rectangle  on  the  other,  the  i6-cp 
line  was  drawn  so  as  to  make  an  angle  of  45°  with  the  sides  AB 
and  CD,  the  other  lines  of  the  system  being  drawn  in  their  proper 
directions  accordingly.  The  rectangle  thus  becomes  12  cm  in 
width  and,  as  stated  above,  it  was  arbitrarily  made  30  cm  in 
length. 

Now,  any  line  drawn  across  the  diagonal  lines  and  parallel  to 
the  length  of  the  rectangle  will  be  divided  in  exactly  the  same 
proportion  as  i4-B  and  CD  and  will,  therefore,  be  a  candlepower 
scale  also.  Hence  this  rectangle  includes  an  indefinite  niunber  of 
linear  candlepower  scales  and  corresponding  to  any  fixed  adjust- 
ment of  the  comparison  lamp  that  will  throw  the  1 6-cp  balance  at 
any  point  within  the  12-cm  range  between  the  limits  of  the  i6-cp 
diagonal  line  (x.  e., between  114  cm  and  126  cm  from  the  lamp),^ 
there  will  be,  in  the  rectangle,  a  linear  scale  that  will  exactly  fit 
the  comparison  lamp  adjustment.  The  method  of  determining 
the  exact  position  of  the  proper  linear  scale  for  any  given  adjust- 
ment will  be  fully  explained  below. 

Two  important  reference  lines  XX  and  SS  are  drawn  across  the 
figm-e  perpendicular  to  each  other  and  to  the  sides  of  the  rectangle, 
intersecting  the  i6-cp  diagonal  line  at  its  middle  point,  which  is 
also  the  middle  point  of  the  rectangle  and  is  at  exactly  120  cm 
from  the  lamp  located  at  zero  of  the  scale.  Hereafter,  the  line  XX 
will  be  called  the  "  index  line,"  being  the  line  by  which  the  diagonal 
scale  is  set  at  its  proper  distance  from  the  lamp  motmted  at  zero 
on  the  photometer  bar,  and  the  line  SS  will  be  called  the  "  standard 
scale,''  as  it  is  the  linear  scale  on  which  16  cp  falls  at  exactly  120 
cm  from  the  lamp,  this  being  the  distance  adopted  in  the  bureau's 
practice  as  standard  in  the  comparison  of  electric  incandescent 
lamps  of  1 6-cp  intensity,  the  illumination  of  the  photometer  screen 
under  these  conditions  being  approximately  one  foot-candle. 
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2.  THB  PAPER  KSCORD  8HBBT 

The  rectangular  figure,  as  described  above,  was  very  accurately 
drawn  just  double  the  required  dimensions,  and  after  being  photo- 
graphed down  to  the  correct  size,  it  was  transferred  to  a  copper- 
plate etching  from  which  it  was  printed,  in  olive  green,  on  sheets 
of  white  paper  about  35  cm  square,  one  of  these  sheets  being  in- 
tended for  each  separate  set  of  lamps  photometered. 

The  paper  used  for  this  purpose  was  specially  prepared  to  better 
withstand  changes  in  dimension  due  to  ordinary  variations  in 
atmospheric  humidity.  As  a  further  precaution,  the  longer  dimen- 
sion of  the  rectangle,  which  is  the  important  one  to  keep  constant, 
was  printed  parallel  to  the  machine  direction  of  the  paper;  that  is, 
to  the  direction  in  which  it  is  the  least  affected  by  changes  in 
humidity. 

By  actual  test  made  at  the  bureau  on  several  samples  of  the 
paper  about  35  cm  square,  it  was  fotmd  that  under  an  increase  in 
humidity  from  "dry  "  to  saturated,  the  average  total  increase  in 
dimension  in  the  machine  direction  of  the  paper  was  about  0.9  mm, 
while  at  right  angles  to  this  direction  the  average  total  increase 
was  5.7  mm. 

Now,  any  approximately  tmiform  change  in  the  width  of  the 
rectangle  requires  no  consideration,  because  it  has  no  effect  upon 
the  accuracy  of  the  scale.  It  simply  changes  the  slope  of  the  lines, 
as  a  system,  without  altering  the  proportion  in  which  they  divide 
any  line  drawn  across  them  and  parallel  to  the  length  of  the 
rectangle.  A  change  of  0.9  mm  in  the  length  of  the  rectangle, 
however,  means  a  change  of  0.45  mm  in  the  relative  position  of  a 
point  at  the  end  of  the  scale  with  reference  to  the  index  line  which 
is  always  placed  at  its  proper  distance  from  the  lamp  photom- 
etered; and  0.45  mm  change  in  length  is  equivalent  to  about 
o.oi  candle,  or  0.08  of  i  per  cent  of  12  cp  at  the  lower  end  of  the 
scale,  and  to  about  0.015  candle,  or  0.07  of  i  per  cent  of  22  cp  at 
the  upper  end.  Therefore,  the  maximum  error  possible  in  candle- 
power  readings  tmder  the  most  unfavorable  conditions  can  not  be 
as  much  as  o.i  of  i  per  cent.  Indeed,  numerous  measurements  of 
the  length  of  the  scale  at  various  times  and  tmder  various  degrees 
of  atmospheric  himiidity  have  failed  to  show  any  variation  large 
enough  to  be  detected  by  means  of  a  millimeter  scale.     Hence  with 
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the  candlepower  scale  printed  parallel  to  the  machine  direction, 
on  paper  of  this  kind,  no  appreciable  error  is  introduced  in  candle- 
power  readings  as  a  result  of  any  possible  variations  in  atmospheric 
humidity,  and  especially  is  this  true  if  all  the  settings  are  made,  as 
they  should  be,  as  near  the  central  portion  of  the  paper  as  possible. 

3.  THB  RBCORDING  DBVICB 

While  observations  are  made,  one  of  the  printed  sheets  of  paper 
may  be  held  tmder  the  photometer  carriage  by  means  of  a  flat 
table,  movable  at  right  angles  to  the  photometer  axis,  or,  as  is  done 
at  the  bureau,  it  may  be  wrapped  on  a  cylinder  (Fig.  i)  whose 
axis  is  parallel  to  the  photometer  bar.  By  pressing  a  key  located 
on  the  photometer  carriage  the  observer  prints  on  the  paper  a 
record  dot  for  each  setting  as  it  is  made,  this  being  done  by  means 
of  a  printing  electro-magnet  suspended  from  the  photometer  car- 
riage by  a  metal  rod,  the  magnet  being  provided  with  two  revolv- 
ing spools  carrying  a  carbon  ribbon  between  the  printing  point 
and  the  sheet  on  the  cylinder.  The  cyUnder  rests  on  the  frame 
of  the  photometer  bench  and  is  turned  on  its  axis  by  an  electrically 
driven  clock  connected  to  it  by  means  of  a  friction  clutch  which 
pennits  the  cylinder  to  be  turned  by  hknd,  if  desired,  without 
disturbing  the  clock.  The  clock  and  the  printing  magnet  are 
operated  in  series  by  a  battery  of  four  storage  cells,  the  magnet 
printing  when  the  key  is  closed,  the  clock  ttuning  the  cyUnder  a 
half  mm  when  the  key  opens.  The  record  dots  are  thus  prevented 
from  falling  together,  and  by  their  relative  positions  they  show 
the  order  in  which  the  settings  are  made. 

IV.  THE  NEW  APPARATUS  IN  PRACTICAL  USE 

1.  THB  nSCBSSARY  ADJUSTMBNTS 

The  complete  adjustment  of  the  apparatus  preliminary  to  mak- 
ing a  series  of  measurements  is  simply  as  follows :  The  photometer 
carriage  is  set  with  the  test  side  of  the  screen  at  1 20  cm  on  the  bar 
and  the  paper  record  sheet  is  wrapped  on  the  cyUnder  and  clamped, 
the  index  line  having  been  previously  placed  immediately  under  the 
printing  point  and  overlapped  at  its  opposite  ends.  Then  with  a 
standard  i6-cp  lamp,  btuning  at  its  correct  voltage,  in  the  socket 
at  zero  on  the  test  side,  and  the  comparison  lamp  burning  at  the 
proper  voltage  to  match  the  standard  in  color,  the  rods  connecting 
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the  photometer  and  comparison  lamp  carriages  are  adjusted  so 
as  to  throw  the  intensity  balance  an3rwhere  within  6  cm  either  side 
of  the  index  line,  and  the  apparatus  is  ready  for  making  measure- 
ments. The  only  adjustment  requiring  any  degree  of  care  is  that 
of  placing  the  index  line  at  its  proper  distance  of  120  cm  from 
the  lamp  to  be  photometered. 

2.  RSCOSDmO  TRB  8STT11IG8 

Settings  are  now  made  on  the  standard  lamp,  and  are  recorded 
by  a  corresponding  group  of  dots  printed  near  the  top  of  the  sheet. 
The  standard  is  then  removed,  the  cylinder  is  turned  by  hand  a 
distance  sufficient  to  separate  the  group  of  dots  just  made  from 
those  to  follow,  and  other  standards,  if  desired,  or  lamps  to  be 
standardized  are  placed  in  turn  in  the  socket  and  for  each  lamp 
the  settings  are  recorded  by  a  corresponding  group  of  dots,  as 
before.  The  record  is  thus  continued  down  the  length  of  the  paper 
until  all  the  lamps  of  the  set  are  photometered. 

A  photographic  reproduction  of  a  completed  record  sheet,  or 
chart,  of  a  series  of  measurements  actually  made  in  this  manner 
on  a  set  of  six  standards  and  seventeen  lamps  compared  with  them 
is  shown  in  Fig.  2,  the  lamps  under  measurement  being  part  of  a 
lot  designated  as  "N.  B.  S."  lamps.  In  the  three  columns  of 
figures  along  the  right  margin  are  given  the  numbers  of  the  lamps 
in  the  order  they  were  photometered  and  recorded  by  the  dots, 
together  with  their  respective  voltages  and  corresponding  candle- 
power  values.  The  cross  mark  under  each  group  of  dots  indicates 
the  average  position  of  the  individual  dots  of  the  group,  this  posi- 
tion being  located  usually  by  estimation.  The  candlepower  values 
of  this  set  were  read  from  the  linear  scale  RS  whose  correct  posi- 
tion was  determined  in  the  manner  described  below.  This  will 
be  referred  to  hereafter  as  the  "record  scale,"  being  that  scale 
which  fits  the  adjustment  of  the  apparatus  and  therefore  of  the 
record  printed  on  the  sheet. 

3.  READING  THE  RSCORD 

With  the  chart  on  a  drawing  board  and  by  means  of  a  T  square 
with  its  edge  parallel  to  the  index  line,  preliminary  relative  candle- 
power  values  of  the  six  standards  were  read  from  the  standard  scale 
and  each  reading  was  recorded  by  a  mark  on  this  scale  as  shown. 
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These  readings,  in  the  order  of  the  record  of  the  standards,  were 
16.15,  1598,  16.09,  i5-97»  16.40,  and  16.08  q),  respectively,  their 
mean  being  16.11  cp.  As  the  true  mean  value  of  these  six  stand- 
ards happened  to  be  16.00  cp,  it  is  evident  that  the  linear  record 
scale  RS  must  lie  above  the  standard  scale  and  at  such  a  distance 
from  it  that  the  i6.oo-cp  point  on  RS  falls  on  the  line  00  which 
was  drawn  (by  means  of  the  T  square)  perpendicular  to  the 
standard  scale  at  its  i6.ii-cp  point. 

The  simplest  method  of  determining  the  proper  position  for  the 
record  scale  is  to  consider  the  line  00  as  a  linear  candlepower  scale 
and  draw  RS  intersecting  it  at  the  point  where  the  reading  is  the 
mean  true  value  of  the  standards;  that  is,  at  16.00  cp  for  this  par- 
ticular case.  No  appreciable  error  is  introduced  by  considering  the 
line  00  as  a  candlepower  scale,  because  at  this  part  of  the  rectangle 
the  diagonal  lines  are  so  nearly  parallel  to  one  another  that,  for 
practical  purposes,  we  may  consider  00  divided  in  the  same  pro- 
portion as  the  standard  scale  and  the  reading  at  the  intersection  of 
00  and  the  record  scale  will  be  the  same  on  both. 

With  the  record  scale  properly  drawn,  it  becomes  a  simple 
matter  (by  means  of  the  T  square)  to  read  off  the  correct  values  in 
candlepower  directly  and  as  rapidly  as  it  is  possible  to  set  the  edge 
of  the  T  square  over  the  centers  of  the  various  groups  of  record 
dots.  It  has  been  found  by  experience,  however,  that,  instead  of 
simply  reading  oflf  the  values  in  this  manner,  it  is  better  practice 
to  draw  a  vertical  line  through  the  intersection  of  each  diagonal 
line  with  the  record  scale,  a  sufficient  niunber  of  such  vertical  one- 
tenth  candle  lines  being  drawn  to  include  all  the  groups  of  dots  close 
together  in  value.  In  the  case  of  any  group  that  may  be  separated 
from  the  others,  as,  for  instance,  the  one  corresponding  to  lamp 
No.  892,  the  eighth  in  the  set,  it  is  better  to  draw  a  line  directly 
from  the  center  of  the  group  to  the  scale.  The  advantage  of  having 
these  lines  on  the  chart  is  that  the  values  can  be  tnore  easily  and 
more  accurately  read ;  and  especially  that  the  record  is  thus  made 
more  complete  and  permanent,  permitting  it  to  be  checked  in  a 
few  moments  by  a  second  reader. 

The  values  of  all  lamps  of  the  set,  including  the  standards,  are 
read  oflf  to  the  nearest  o.oi  candle  and  written  along  the  margin  of 
the  chart.     If  the  linear  record  scale  has  been  carefully  drawn  at 
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the  proper  distance  from  the  standard  scale,  the  mean  of  the  stand- 
ards, as  read  from  it,  will  equal  the  true  value  to  within  o.oi  candle. 
Experience  has  shown  that  it  is  very  seldom  necessary  to  apply  a 
correction  to  the  final  mean  reading  of  the  standards,  showing  that 
with  ordinary  care  the  record  scale  can  be  drawn  with  all  the 
precision  necessary.  If,  however,  on  account  of  inaccuracy  in 
drawing  the  record  scale,  the  mean  reading  of  the  standards  should 
diflfer  from  the  true  value  by  a  few  hundredths  of  a  candle,  the 
difference  is  applied  as  a  percentage  correction  to  each  reading  in 
the  set,  being  added  or  subtracted  according  as  the  mean  of  the 
standards  reads  too  low  or  too  high.  Usually  all  the  lamps  of  a 
set  are  so  nearly  equal  in  value  as  to  permit  a  constant  correction 
to  each  reading  without  introducing  an  error  due  to  a  lack  of 
proportionality. 

The  true  candlepower  values  of  the  individual  standards  used  in 
the  set  given  in  Fig.  2  were,  in  the  order  recorded,  16.00,  15.90, 
15-98,  15-82,  16.33,  and  15.96,  respectively.  A  comparison  of 
these  values  with  those  read  from  the  scale  and  written  on  the 
chart  gives  a  fair  indication  of  the  accuracy  of  the  settings  made  on 
the  photometer. 

4.  T7SB  OF  SBCTORBD  DISKS  AUD  COLOR-ABSORBINO  SCBBBHS 

When  it  becomes  necessary  to  use  rotating  sectored  disks  to 
make  the  record  of  any  lamp  fall  on  the  sheet,  the  final  value  of 
such  lamp  is  determined  by  simply  applying  the  disk  factor  in  the 
proper  manner  to  the  value  as  read  from  the  scale.  For  lamps  of 
lower  intensity  than  the  standards,  a  balance  at  the  desired  place 
on  the  sheet  may  be  obtained  by  placing  the  disk  either  on  the 
comparison  side  when  settings  are  made  on  the  low-intensity  lamps 
or  on  the  test  side  when  settings  are  made  on  the  standards.  In 
the  former  case  the  illtunination  of  the  photometer  screen  is  not 
the  same  throughout  the  comparison,  and  there  may  be  a  possi- 
bility of  error  due  to  the  Purkinje  effect.  In  the  latter  case  the 
illumination  of  the  screen  is  the  same  throughout  the  comparison, 
but  it  can  not  be  greater  than  that  produced  by  the  lamp  of  the 
lowest  intensity,  and  may  therefore  be  rather  weak  for  accurate 
measurement.  Although  this  latter  method  of  measurement  is 
preferable  to  the  former  when  low-intensity  lamps  are  measured. 
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yet  it  is  iuf aior  to  a  method  that  will  be  given  when  the  sectional 
candlepower  scale  is  described  below. 

For  the  most  accurate  measm^ment  it  is  an  advantage  to  work 
with  a  color  match.  When  high-efficiency  lamps,  such  as  tanta- 
lums and  tungstens,  or  carbon  lamps  operated  at  high  efficiency, 
are  compared  with  4-wpc  standards,  a  color  match  can  be  obtained 
by  the  use  of  carefully  calibrated  red  or  blue  glass  screens  of  the 
required  density  on  the  proper  side  of  the  photometer.  With  the 
comparison  lamp  set  for  4-wpc  color  match  with  the  standards,  the 
blue  glass  is  inserted  on  the  comparison  side,  or  the  red  glass  on 
the  test  side  when  the  high-efficiency  lamps  are  photometered.  Or, 
with  the  comparison  lamp  set  for  color  match  with  the  high- 
efficiency  lamps,  the  blue  glass  is  inserted  on  the  test  side  when 
settings  are  made  on  the  standards.  On  the  other  hand,  when 
lamps  of  low  efficiency  are  compared  with  4-wpc  standards  a 
match  in  color  is  obtained  by  reversing  this  process.  Whenever  a 
color  screen  is  used  on  the  comparison  side  in  either  case,  it  should 
be  replaced  by  a  rotating  sectored  disk  having  approximately 
the  same  transmission  coefficient  as  itself  when  the  standards 
or  other  lamps  of  the  set  not  requiring  its  use  are  photometered, 
in  order  to  maintain  the  illumination  of  the  photometer  screen 
constant  throughout  the  set  of  measurements.  In  any  of  these 
cases  the  transmission  coefficients  of  the  glass  and  of  the  disks 
used  must  be  applied  as  factors  in  the  proper  maimer  to  the  candle- 
power  values  as  read  from  the  scale. 

5.  COBCPASISON  OF  LAMPS  WITH  STAHDARD  ILLUMINATION  OF  THB  8CRXBN 

It  may  be  desirable,  and  is  no  doubt  preferable,  to  compare  low 
intensity  lamps,  such  as  8  cp  and  4  cp,  with  i6-cp  standards  with 
the  illumination  of  the  screen  constant  throughout  the  comparison 
and  approximately  i  foot-candle  as  standard,  rather  than  with 
lower  illumination,  as  is  necessary  by  the  method  described  in  the 
paragraph  on  the  use  of  rotating  sectored  disks. 

This  may  be  accomplished  by  two  different  methods.  By  the 
first  method  all  lamps  compared  are  placed,  in  succession,  at  zero 
on  the  bar  and  settings  are  made  without  the  use  of  sectored 
disks.  \\^th  the  apparatus  so  adjusted  as  to  throw  the  balance 
for  the  1 6-cp  standards  at  1 20  cm,  all  the  settings  are  made  with 
standard  illumination  of  the  screen,  but  they  extend  over  a  range 
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of  at  least  60  cm,  falling  at  120  cm  on  the  bar  for  the  standards  and 
at  60  cm  for  the  4-cp  lamps.  This  methcxl  is  objectionable  because 
it  may  be  inconvenient,  on  aocomit  of  some  accessory  part  of  the 
apparatus,  to  move  the  photometer  carriage  over  so  great  range,  and 
especially  because,  if  the  settings  are  to  be  automatically  recorded,  a 
continuous  record  sheet  and  scale  of  the  required  length  (that  is,  of 
at  least  70  cm)  would  possibly  make  the  printed  scale  unreliable 
on  account  of  changes  in  its  length  due  to  variations  in  atmospheric 
humidity,  and  besides  the  sheet  would  be  very  large  and  unwieldy 
for  handling  and  filing  purposes. 

By  the  second  method  the  settings  are  also  made  without  the 
use  of  sectored  disks  and  the  apparatus  is  adjusted  in  the  same 
manner  as  in  the  first  method,  but  the  lamps  of  low  intensity  are 
placed,  in  succession,  at  such  points  on  the  photometer  bar  that 
the  settings  fall  at  approximately  1 20  cm  from  zero  for  every  lamp. 
For  instance,  an  8-cp  lamp  placed  at  35  cm,  or  a  4-cp  lamp  at  60 
cm,  on  the  bar  produces  approximately  the  same  illumination  on 
the  photometer  screen  at  120  cm  as  a  i6-cp  lamp  placed  at  zero. 
With  the  lamps  thus  placed,  in  succession,  all  settings  are  made 
with  standard  illumination  of  the  screen  and  near  120  cm  on  the 
bar,  but  the  scale,  as  described  above,  will  not  serve  for  the  correct 
reading  of  the  candlepower  of  the  lamps  not  placed  at  zero. 
Fortunately,  however,  the  scale  will  adapt  itself  perfectly  to  the 
new  conditions  if  it  is  divided  into  sections  as  shown  in  Fig.  3  and 
as  described  below. 

v.  THE  IVEW  SCALE  IN  SECTIONAL  FORM 

1.  BCXTHOD  OF  CONSTRUCTION 

In  order  to  unaerstand  clearly  how  the  scale  may  be  divided  into 
sections  so  as  to  make  it  direct  reading  for  lamps  of  such  intensities 
as  those  mentioned  above,  when  placed  at  the  points  indicated,  let 
us  suppose  that  the  lamps  are  all  placed  at  first,  in  succession,  at 
zero,  and  that  a  record  of  the  settings  made  on  them  is  printed  by 
dots  on  a  continuous  scale  of  the  required  length.  The  record  of 
the  4  cp,  the  8  cp,  and  the  16  cp  lamps  will  then  fall  at  60  cm,  85 
cm,  and  120  cm,  respectively,  from  zero.  Now  suppose  that  an 
index  line  is  drawn  across  the  scale  at  each  of  these  three  points  and 
that  the  scale  is  divided  into  three  sections,  each  containing  an 
index  line  and  the  record  dots  corresponding  to  one  of  the  lamps. 
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these,  being  at  or  near  the  middle  of  the  section.  If  the  8  cp  and 
the  4  qp  lamps  are  now  moved  to  the  points  mentioned  above ;  that 
is,  to  35  cm  and  6o  cm,  respectively,  from  zero  on  the  bar,  and  if 
with  each  lamp  the  section  on  which  the  record  of  its  settings  ap- 
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Fig.  3. — Candlepower  Scale  in  Sectional  Form,     Comparison  Lamp  Movable  with  Photometer 
Screen,     Test  Lamps  may  be  Placed  Successively  at  Different  Points  on  the  Photometer  Bar, 

pears  is  moved  forward  by  the  same  amotmt  as  the  lamp,  it  is  evi- 
dent that  the  index  lines  of  all  three  sections  will  fall  together  and 
that  the  record  dots  will  occupy  exactly  the  same  relative  posi- 
tions with  respect  to  one  another  as  if  they  had  been  made  with 
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the  lamps  located  thus  at  three  different  points  on  the  photome- 
ter bar.  Hence,  if  these  three  sections  (which  will  be  referred  to 
hereafter  as  "the  4-cp  section,"  "the  8-cp  section,"  and  "the 
i6-cp,  or  standard,  section,"  respectively)  are  placed,  not  super- 
posed, but  parallel  and  adjacent  to  one  another  as  indicated  in 
Pig-  3>  with  the  index  lines  end  to  end  as  shown,  thus  forming  a 
"  sectional  candlepower  scale,"  which  is  then  printed  on  the  record 
sheet,  the  values  of  all  the  lamps  of  all  three  intensities  may  be 
read  off  directly  in  candlepower,  each  from  its  corresponding 
section  of  the  scale. 

As  it  will  be  seen,  these  three  sections  include  all  values  con- 
tinuously from  2  to  22  candles,  there  being  a  repetition  in  the 
region  of  5  and  6  cp.  This  repetition  was  made  purposely,  in  order 
to  throw  the  5-cp  point  nearer  the  middle  of  the  scale  than  it  falls 
on  the  8-cp  section,  this  being  desirable  because  the  bureau  at 
present  has  more  or  less  standardizing  to  do  in  this  region  of 
intensity  and  the  record  dots  are  thus  at  a  point  on  the  scale  where 
a  change  in  the  length  of  the  scale  would  be  less  liable  to  produce 
an  appreciable  error  in  the  reading.  The  i6-cp,  or  standard,  sec- 
tion was  drawn  in  the  middle  portion  of  the  sectional  scale  in  order 
that  it  may  lie  between  the  two  parts  of  the  record  of  the  settings 
on  the  standards  which  usually  appear  at  the  top  and  bottom  of 
the  sheet;  and  also  for  the  reason  that  the  greater  number  of 
lamps  intended  for  standards  are  of  such  intensities  as  are  read 
from  this  section.  With  a  centimeter  space  allowed  between 
adjoining  sections,  the  over-all  dimensions  of  this  sectional  scale 
are  35  cm  in  length  by  26  cm  in  width.  The  individual  sections 
are  8  cm  in  width,  this  being  found  by  experience  with  the  scale 
shown  in  Fig.  2  to  be  ample  for  all  practical  ptirposes.  This 
scale  is  now  being  engraved  and  printed  for  the  bureau  on  record 
sheets  40  cm  by  37.5  cm,  the  latter  dimension  being  in  the  direc- 
tion of  the  length  of  the  scale,  and  it  will  be  used  whenever  lamps 
of  low  intensity  are  to  be  photometered. 

2.  ADAPTATION  TO  THB  PSINTXD  HBCORD 

It  is  evident  that  the  record  scale  should  appear  on  every  sec- 
tion and  £^t  exactly  the  same  distance  from  the  standard  scale  on 
each  section,  as  would  be  the  case  were  the  sections  together  in 
one  continuous  diagonal  scale.     It  is  first  located  on  the  standfird 
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section,  in  the  usual  manner,  and  then  drawn  at  the  same  relative 
position  on  the  other  two  sections.  This  drawing  is  quickly  and 
accurately  done  by  means  of  (what  we  shall  call)  a  "  triple  right- 
angle  sliding  index"  (shown  in  Fig.  6),  having  the  three  corre- 
sponding edges,  which  are  perpendicular  to  the  edge  of  the  T  square, 
exactly  9  cm  apart,  so  that  when  the  middle  edge  is  placed  on  the 
standard  scale  of  the  i6-cp  section,  the  other  two  edges  will  fall 
exactly  on  the  standard  scale  lines,  respectively,  of  the  other  two 
sections.  Hence,  when  it  is  correctly  placed  to  draw  the  record 
scale  on  the  i6-cp  section,  it  is  at  the  same  time  in  correct  posi- 
tion to  draw  the  corresponding  line  on  each  of  the  other  two  sec- 
tions, and  all  three  lines  may  be  drawn  without  moving  the  index. 

Although  corresponding  to  each  section  of  the  scale,  there  is  a 
definite  distance  (which  for  the  sake  of  brevity  will  be  referred  to  as 
its  "lamp  distance")  at  which  the  lamp  must  be  placed  with 
respect  to  the  common  index  line  on  the  sectional  scale,  if  its 
value  is  to  be  read  off  directly,  nevertheless,  the  scale  as  a  whole 
readily  adapts  itself  to  any  other  lamp  distance  than  those  speci- 
fied. For  example,  suppose  that  a  lamp  is  for  some  reason  at  a 
distance  of  65  cm  from  the  common  index  line.  Its  value  is 
read  from  the  4-cp  section,  but  at  a  point  5  cm  higher  on  the  scale 
than  is  represented  by  the  record.  This  is  for  the  reason  that  had 
the  lamp  been  placed  at  the  exact  lamp  distance  for  the  4-cp 
section  (that  is,  at  60  cm)  instead  of  at  65  cm,  the  record  would  have 
fallen  just  5  cm  higher  on  the  scale,  in  which  case  the  reading 
would  have  been  direct.  Supposing,  for  a  second  example,  that 
the  lamp  distance  is  75  cm;  the  value  is  then  read  from  the  8-cp 
section  (whose  lamp  distance  is  85  cm)  at  a  point  10  cm  lower  on 
the  scale  than  is  represented  by  the  record.  These  higher  or 
lower  readings  are  taken  by  means  of  a  centimeter  scale  graduated 
on  the  edges  of  the  triple  index,  as  shown  in  Fig.  6. 

Another  condition,  which  is  equivalent  to  placing  every  lamp 
of  a  set  at  an  incorrect  distance  in  the  same  direction  by  the  same 
amotmt,  exists  when  the  common  index  line  on  the  record  sheet 
is  not  exactly  at  1 20  cm  from  zero  of  the  scale  when  the  settings 
are  recorded.  The  values  may  be  read  off  correctly  in  the  same 
manner  as  above  by  allowing  the  correction  in  distance  when  read- 
ing the  scale.     For  instance,  if  the  common  index  line  is  set  at 
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121  cm  from  zero,  then  all  the  record  dots  are  i  cm  too  low  and 
hence  each  reading,  to  make  it  direct  in  candlepower,  should  be 
taken  jost  i  cm  higher  on  the  scale. 

SL  USB  m  coBCPABoro  vlamb  ahd  xlbcibxc  mcAHimiCBirr  stahdaxds 

A  sectional  scale,  such  as  just  described,  is  useful  in  the  com- 
parison of  a  flame  standard  with  a  standard  electric  incandescent 
lamp,  in  which  it  is  not  only  inconvenient  but  it  is  also  undesirable 
to  place  the  lamps  compared,  successively,  at  the  same  point, 
because  the  flame  standard  should  be  distiu-bed  as  little  as  possible 
during  the  comparison.  In  standardizing,  or  investigating,  a  lo-cp 
pentane  lamp,  for  example,  it  is  most  convenient  to  have  it  located 
on  a  table  at  the  end  of  the  photometer  bench  with  the  flame  in 
line  with  the  photometer  axis  and  at  a  distance  of  about  30  cm 
from  the  zero  point;  and  to  have  the  incandescent  lamp  placed,  in 
turn,  at  some  point  on  the  photometer  bar,  the  light  from  the 
pentane  lamp  being  screened  off  while  the  incandescent  lamp  is 
measured.  In  this  way  the  flame  standard  need  not  be  disturbed 
at  any  time  during  the  comparison. 

As  it  is  desirable  to  photometer  the  pentane  lamp  at  the  standard 
distance  of  100  cm,  as  adopted  by  the  London  Gas  Referees,  the 
scale  to  be  used  in  such  comparisons  should  be  constructed  on  the 
basis  that  10  cp  falls  at  exactly  100  cm  from  zero,  whereas  on  the 
scale  shown  in  Figs.  2  and  3  it  falls  at  approximately  95  cm  from 
zero.  The  distance  between  the  index  lines  on  the  undivided 
scale  should,  of  course,  be  the  same  as  the  distance  between  the 
points  at  which  the  lamps  compared  are  located  when  each,  in  its 
turn,  is  photometered. 

4.  AS  CONSTRUCTED  VOR  USB  WITH  AN  QITBORATINO  PHOTOMBTBR 

In  the  case  of  some  instruments,  such  as  the  Matthews  inte- 
grating photometer  and  the  Ulbricht  sphere,  the  test  lamp  and 
the  photometer  screen  remain  stationary,  the  settings  being  made 
by  varying  the  distance  of  the  comparison  lamp.  The  sectional 
scale  for  this  arrangement  is  constructed  on  the  same  principle  as 
the  one  already  described,  but  the  equation  used  in  computing  the 

candlepower  points  is  ^= 4a-w  ^since  here  the  candlepower  X,  of 
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the  test  lamp  varies  inversely  as  the  square  of  the  distance  x,  of  the 
comparison  lamp.  In  this  case  only  one  section  of  the  scale  is  use- 
ful at  any  given  position  of  the  cylinder  on  the  photometer  bench. 
For  lamps  higher  or  lower  in  candlepower  the  cyUnder  is  moved 
the  proper  direction  to  a  new  position  bringing  another  section  of 
the  scale  into  use.  The  scale  is  properly  located  by  first  making 
an  approximate  setting  on  a  standard  then  adjusting  the  position 
of  the  cylinder  so  that  the  middle  of  the  record  sheet  comes  under 
the  printing  point  of  the  magnet  (suspended  from  the  comparison- 
lamp  carriage)  or,  if  possible,  so  that  the  common  index  line  falls 
at  a  distance  from  the  screen  exactly  equal  to  the  lamp  distance 
corresponding  to  one  of  the  sections.  But  should  the  distance  of 
the  index  line  dijSer  from  the  lamp  distance  by  a  known  amount, 
the  allowance  is  made  as  described  above  when  reading  the  scale. 

VL  THE  SCALE  ADAPTED  TO  PHOTOMETERS  HAVING  BOTH  LAMPS 

STATIONARY 

z.  THBORSTZCAL  DISCUSSION 

The  candlepower  scale  in  the  forms  thus  far  described  is  adapt- 
able only  to  such  photometers  as  have  either  the  test  lamp  or 
the  comparison  lamp  at  a  constant  distance  from  the  photometer 
screen.  In  these  forms  all  the  candlepower  lines  are  theoretic- 
ally  straight  and  join  corresponding  points  of  division  in  two 
linear  scales  forming  the  upper  and  lower  sides,  respectively,  of 
the  rectangle.  It  will  now  be  shown  that  the  same  method  maybe 
used  in  constructing  the  scale  in  a  form  adaptable  to  photometers 
having  both  lamps  stationary. 

Let  C  and  T  be  the  values  of  the  comparison  lamp  and  the 
test  lamp,  respectively,  Z?,  the  constant  distance  between  them, 
and  X  the  distance  of  the  screen  from  the  test  lamp.  Then  for 
photometric  balance 

T        X* 

c^{D^xy  ^^^ 

from  which  --   -A^ 
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In  order  to  plot  the  locus  of  the  balance  point  of  the  photometer 
screen  corresponding  to  a  given  value  of  T,  while  the  value  of  the 
comparison  lamp  is  varied  continuously,  let  the  values  of  :c  be 
distances  measured  on  the  X-axis  of  coordinates,  and  let  dis- 
tances to  be  measured  on  the  K-axis  be  represented  by 

i+J^o  (3) 


v^ 


where  C  has  the  same  value  as  in  equation  (2) ,  while  Tq  is  a  par- 
ticular value  of  T  in  the  same  equation ;  that  is,  the  V-axis  is 
r^arded  as  a  linear  candlepower  scale  for  the  comparison  lamp 
when  the  test  lamp  is  held  constant  at  the  value  T©. 

In  order  that  the  locus  of  the  point  x,  y  may  be  plotted  without 
a  knowledge  of  the  value  of  the  comparison  lamp,  let  C  be  elimi- 
nated by  equating  its  value  in  equations  (2)  and  (3),  and  thus 
obtain  either 

or  D{D-xHf  .J 

Now,  in  either  equation  3f — Z?  when  y.«  o,  and  vice  versa,  showing 
that  the  locus  of  the  point  intersects  both  axes  at  a  distance  D 
from  the  origin. 

In  the  special  case  when  T  =  To,  both  equations  reduce  to  ac  -f 
y^D,  meaning  that  the  locus  for  this  case  is  a  straight  line.  A 
further  discussion  of  this  case  will  be  taken  up  below. 

Since  x  and  y  are  interchangeable  in  equations  (4)  and  (5) ,  it 
follows  that  the  locus  is  symmetrical  with  respect  to  a  line  OE 
bisecting  the  right  angle  XO  Y  between  the  axes.     (See  Fig.  4.) 

If  the  coordinates  are  transformed  so  as  to  refer  to  a  pair  of 
axes  parallel  to  the  original  ones  by  the  substitution  of  x'  +  a,  and 
y+aioTX  and  y,  respectively,  in  either  (4)  or  (5) ,  a  being  assumed 


xy''a\l^  (6) 

58397°— «» — 3 
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Since  the  second  member  of  equation  (6)  is  a  constant  for  any 
given  values  of  T  and  To,  the  locus  of  the  point  ac',  y'  is  an  equi- 
lateral hyperbola  as3miptotic  to  a  pair  of  axes  parallel  to  the  X  V 
axes,  and  at  a  distance  of  a  from  them,  a  of  course  being  a  different 
constant  for  each  different  curve  of  the  system. 

In  the  limiting  cases  when  either  T  or  To  is  separately  equal  to 
o  ox  00 ,  the  locus  in  each  case  degenerates  into  the  axes  of  coordi- 
nates.    When  T  =  To  the  locus  consists  of  two  parallel  straight 


Fig.  4. — SysUm  of  Candlepower  Lines  Represented  by  Equation  (4)  or  (5) 

lines  at  an  infinite  distance,  one  on  either  side  of  the  origin,  and 
perpendicular  to  a  line  bisecting  the  angle  between  the  axes. 
The  former  cases  are  of  interest  only  from  a  mathematical  stand- 
point; the  latter,  however,  is  important  because  under  this  con- 
dition one  branch  of  the  locus,  referred  to  above,  becomes  (as 
will  be  seen  later)  the  reference  line  of  the  system  when  the  lines 
are  drawn  as  actually  used  in  the  scale  and  the  coordinates  are 
referred  to  the  XY  axes  as  in  equations  (4)  and  (5). 

Hence,  if  by  means  of  either  of  the  original  equations  (4)  or  (5) , 
the  loci  of  the  point  x,  y  for  successive  values  of  T  such  as  met 
with  in  practice  (To  being  kept  constant)  be  plotted  and  drawn. 
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there  is  obtained  a  system  of  lines  such  as  shown  in  Fig.  4,  all 
the  lines  being  curved  except  the  one  corresponding  to  T  =  To, 
each  line  of  course  being  one  of  a  pair  of  which  the  locus  consists. 
In  this  drawing  y  is  considered  positive  when  measured  downward 
from  the  origin,  in  order  to  have  the  candlepower  lines  slope 
consistently  with  those  of  the  other  forms  of  the  scale  hereinbefore 
illustrated.  The  particular  curves  shown  correspond  to  values  of 
T  beginning  with  4  candlepower  for  the  one  nearest  the  origin  and 
increasing  by  steps  of  4  candlepower  for  the  series,  the  value  of  To 
being  16  candlepower. 

It  is  evident  that  any  section  cut  out  from  the  system  of  lines 
by  a  rectangle  parallel  to  the  X-axes,  as  shown  in  Fig.  4,  is  a 
candlepower  scale  similar  to  those  already  described,  but  adapted 
to  photometers  having  both  lamps  stationary  at  a  distance  D 
apart. 

Although  all  the  candlepower  lines,  with  the  exception  of  the 
one  corresponding  to  T^T^,  are  curved  theoretically,  it  is  found 
that  within  the  limits  of  a  scale  such  as  shown  in  Fig.  5,  and 
indicated  in  correct  proportion  in  Fig.  4,  the  straight  line  of 
the  system  l3dng,  as  it  should,  at  the  middle  of  the  scale,  the 
maximum  deviation  from  a  straight  line,  as  will  be  shown  later, 
is  less  than  the  accuracy  within  which  it  is  possible  to  plot  and 
draw  the  candlepower  lines  at  their  proper  positions  in  the  scale. 
Hence,  this  form  of  the  scale  may  be  constructed  of  straight  lines 
in  precisely  the  same  manner  as  those  already  described. 

9.  CONSTRUCTION  OP  THE  SCALE 

When  using  16  candlepower  standards,  it  is  convenient  to  have 
the  16  candlepower  line  at  the  middle  of  the  scale,  and  since  the 
straight  line  of  the  system  can  be  made  to  correspond  to  any  value 
chosen  for  To,  let  this  value  be.  16  candlepower.  Then  for  a 
photometer  bench  such  as  used  in  commercial  work  at  the  bureau 
having  D  «  250  cm,  equation  (4)  becomes 

^«   g5Q(250-y)Vj  (7) 

25oV7^-f  (4-V70>' 

by  means  of  which  the  scale  shown  in  Fig.  5  was  computed,  the 
dimensions  of  the  rectangle  being  8  cm  by  35  cm.     The  upper  and 
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lower  sides  of  the  rectangle  were  divided  into  linear  candlepower 
scales,  just  as  in  constnicUng  the  other  forms,  using  here  values 
of  X  determined  by  means  of  the  above  equation,  and  the  corre- 
sponding candlepower  points  in  the  two  scales  were  joined  by 
straight  lines.  For  the  upper  Hnear  scale  y  had  the  value  121  cm, 
and  for  the  lower  129  cm,  these  distances  having  been  chosen  so 
as  to  throw  the  middle  point  of  the  16  candlepower  Hne  at  125  cm, 
the  point  midway  between  the  lamps. 

Theoretically,  the  maximum  departure  of  the  13-cp  line  from  a 
straight  line  is  0.049  mm;  of  the  i  i-cp  line,  0.08  mm;  and  of  the 
portion  of  the  9-cp  line  appearing,  0.03  mm.  The  system  of  curves 
being  symmetrical  with  respect  to  the  middle  cp  line  (^  =  TJ , 
the  same  amount  of  curvature  is  to  be  found  at  the  other  end  of 
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the  scale.  Therefore,  within  the  limits  of  the  lines  appearing  in 
this  scale,  the  maximum  departure  from  a  straight  line  in  any  case 
is  so  small  that  it  is  impossible,  in  practice,  to  draw  a  straight  line 
so  narrow  that  it  will  not  cover  every  point  of  the  curve. 

Since  the  curvature  of  the  lines  is  greater  the  farther  they  lie 
from  the  line  T  =  T^,  it  must  be  determined  where  the  curvature 
becomes  appreciable  if  the  scale  is  to  be  extended  a  considerable 
distance  either  way  from  7" -To,  and  from  that  part  of  the  scale 
to  the  end  a  sufficient  number  of  points  should  be  plotted  for 
each  curve  to  insure  the  required  accuracy  in  drawing. 

S.  KSLATIVB  SBRSmUTr 

Merely  a  glance  at  the  two  forms  of  the  scale  as  illustrated  in 
Figs.  2  and  5,  respectively  (which  are  drawn  with  the  i6-cp  Une 
at  nearly  the  same  distance  from  zero;  that  is,  at  120  cm  and 
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125  cm,  respectively) ,  is  suflBcient  to  show  that  a  photometer 
setting  can  be  read  with  a  greater  degree  of  accuracy  by  means 
of  the  former  than  by  means  of  the  latter.  This  degree  of  accuracy 
may  be  called  the  "  sensibility  "  of  the  scale  and  may  be  expressed 
mathematically  as  the  derivative  of  x  with  respect  to  T,  which,  as 
will  be  seen,  is  a  variable  depending  upon  the  value  of  T.  Like- 
wise the  ratio  of  these  derivatives  in  the  two  forms  of  the  scale 
is  a  variable  depending  upon  the  value  of  T;  but  over  the  range 
of  the  cp  lines  appearing  in  these  two  forms,  the  average  value  of 
this  ratio  is  approximately  two,  if  we  assume  that  the  cp  point 
corresponding  to  T^T^  falls  at  the  middle  of  the  scale  and  at 
exactly  the  same  distance  from  zero  in  the  two  cases.  This  may 
be  shown  in  the  following  manner 

The  equation  for  a  linear  scale  in  Fig.  2  is 


x=^ 


and  for  one  in  Pig.  5, 


^Vc\ 


D 
*= 


(8) 


(9) 


where  in  equation  (8)  a  is  the  constant  distance  of  the  comparison 
lamp  Ci  from  the  screen.     Now  let  the  cp  point  corresponding  to 

T  —  To  fall  at  a  distance  —  from  zero  in  each  scale.     In  order  that 

2 

this  may  occur,  the  illumination  on  the  comparison  side  of  the 

screen  must  be  the  same  in  both  cases  when  the  balance  is  at 

this  point;  that  is 

-/  must  equal  ^ 

As  C  and  D  are  constants,  C^  may  have  any  value  we  choose 
so  long  as  a  has  the  proper  corresponding  value.     Let  us  then 

assume  Ci  =  C  and  therefore  a  =  — .     Hence  equation  (8)  becomes 

2 
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Now,  according  to  the  above  definition,  the  sensibilities  of  the 
two  forms  of  the  scale  as  derived  from  equations  (9)  and  (10)  are 

^  =dx_     DOT"^ 


dT    2(i+C*r-i)» 


/It.       D^ — ^T^ — i 

and  5,  ^  -pr,  = ,  respectively, 

al  4 

and  hence  their  ratio  is 

„  _5,     (r>+C>)' 

^'=5; — ic~ 

which,  as  stated  above,  is  a  variable  depending  upon  the  value 
of  T.  At  the  middle  of  the  scales  where  T'  =  ro=i6,  i?  =  2.oo; 
while  at  the  9-cp  and  the  25-cp  lines,  i?  =  i.53  and  2.53,  respec- 
tively, or  an  average  of  2.03. 

In  the  same  manner  it  may  be  shown  that  the  sensibility  of 
the  form  of  the  scale  adapted  to  photometers  having  both  the 
test  lamp  and  the  screen  stationary,  the  comparison  lamp  alone 
being  movable,  is 

c  =dx  _     DOT"^ 
^'-dT        ~~i 

(derived  from  ^= flu/==  ~Vt*  ^^^  equation  of  the  scale)  and  that 

its  ratio  to  the  sensibility  of  the  form  adapted  to  photometers 
having  both  lamps  stationary  is 


R, 


5i  2 


(the  negative  sign  indicating  that  the  scales  run  in  opposite 
directions.) 

In  this  case  when  r  =  To=i6,  i?=-2.oo;  and  at  T  =  9  cp 
and  r  =  25  cp,  i?=  —2.72  and  — 1.62,  or  an  average  of —  2.17. 

Hence  it  may  be  stated  that  the  form  of  the  scale  adapted  to 
photometers  having  both  lamps  stationary  is  only  about  one-half 
as  sensitive  as  either  of  the  other  two  forms  described. 
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It  must  not  be  concluded  from  this  statement  that  the  photom- 
eter itself  is  less  sensitive  in  one  case  than  in  the  others;  for 
with  the  proper  means  of  moving  the  photometer  head  back  and 
forth  by  very  small  amounts  and  setting  it  at  exactly  the  point 
desired,  it  should  be  possible,  theoretically,  to  make  settings  with 
the  same  percentage  accuracy,  regardless  of  the  arrangement  of 
the  photometer.  The  above  conclusion  means  simply  that  with 
a  setting  once  made  the  accuracy  with  which  its  position  on  the 
scale  can  be  read  depends  upon  the  arrangement  of  the  photometer; 
and  hence  for  the  most  accurate  work  the  best  results  are  to  be 
obtained  by  using  a  photometer  having  one  lamp  stationary  with 
respect  to  the  screen. 

Vn.  SPECIAL  USES  OF  ALL  FORMS  OF  THE  SCALE 

1.  RBADINO  OF  RECORD  VBXKTKD  ON  BLANK  PAPER 

Should  the  means  of  taking  exact  copies  be  not  at  hand  it  would 
of  course,  be  very  laborious  to  draw  a  separate  scale  for  each  set 
of  measurements.  It  is  a  simple  matter,  however,  by  means  of 
but  one  copy  of  the  required  form  of  the  scale  (whether  it  be 
continuous  or  sectional)  carefully  drawn  on  a  separate  sheet  of 
paper  or  other  material  to  read  off  directly  in  candlepower  the 
values  recorded  by  dots  on  a  sheet  of  paper  that  is  otherwise  per- 
fectly blank,  with  the  exception  of  an  index  line,  which  may  be 
drawn  either  before  the  paper  is  placed  on  the  cylinder  or  at  any 
time  before  it  is  removed  by  means  of  a  pencil  held  at  the  proper 
point  while  the  cylinder  is  given  one  complete  turn  on  its  axis. 

The  values  may  be  read  off  by  several  different  methods.  By 
one  method  the  record  sheet  and  the  scale  sheet  are  clamped  side 
by  side  on  a  drawing  board,  as  shown  in  Pig.  6,  with  the  index  line 
of  the  one  in  line  with  that  of  the  other,  and  readings  are  taken 
by  means  of  a  double  T  square  provided  with  a  fine  wire  stretched 
parallel  to  its  edge  and  also  with  a  triple  right-angle  sliding  index 
(such  as  shown  in  the  figure  and  described  above)  whose  three 
straight  edges  are  perpendicular  to  the  wire  and  therefore  to  the 
edge  of  the  T  square.  With  the  wire  kept  parallel  to  the  index 
line  and  placed  successively  over  the  center  of  each  group  of  record 
dots  relative  candlepower  values  of  the  standards  are  read  from 
the  standard  scale  on  the  1 6-cp  section.     The  wire  is  then  set  at 


36 


Bulletin  of  the  Bureau  of  Standards  ci'oi.  r.  if»-  * 


} 


^ 

^ 


RECORD  SHEET 


o 
m 

X 


m 


Fig.  6. — Showing  Method  cf  Reading,  fy  Means  of  the  Scale,  a  Record  Printed  on  a  Separate 

Sheet. 
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the  mean  of  these  readings  and  the  triple  index  is  moved  until  the 
intersection  of  its  middle  edge  with  the  wire  falls  immediately  over 
the  exact  value  of  the  mean  of  the  standards,  at  which  point  it  is 
permanently  clamped  to  the  T  square.  Bach  edge  of  the  sUding 
index  now  corresponds  to  a  linear  record  scale,  and  the  values  of 
the  test  lamps  may  be  read  from  the  proper  scale  and  section  as 
fast  as  it  is  possible  to  set  the  wire  over  the  center  of  gravity  of 
each  successive  group  of  dots.  The  accuracy  of  the  adjustment 
of  the  sliding  index  is  indicated  by  the  accuracy  Mrith  which  the 
mean  of  the  standards,  as  read,  equals  the  true  value,  the  index 
being  reset  before  the  test  lamps  are  read  in  case  a  correction  is 
necessary.  Vertical  one-tenth  candlepower  lines  may  be  drawn  on 
the  record  sheet,  if  desired,  by  means  of  the  edge  of  the  T  square, 
and  the  readings  are  then  taken  from  the  record  sheet  itself. 

Another  method  of  using  the  diagonal  scale  in  determining  the 
values  from  the  record  printed  on  blank  paper  is  to  have  the  scale 
ruled  on  glass  or  other  transparent  substance  that  will,  under 
ordinary  conditions,  remain  constant  in  dimensions.  With  this 
placed  on  the  record  sheet  with  the  index  lines  superposed  the 
values  may  be  read  off  by  means  of  the  T  square  and  sliding  index 
in  the  manner  described  above. 

Still  another  method  is  to  have  the  record  dots  printed  on  trans- 
parent paper  which  may  be  placed  over  the  scale  with  the  index 
lines  superposed,  and  the  values  may  be  read  off  directly  by 
means  of  the  T  square  and  sliding  index,  or  all  the  vertical  one- 
tenth  candle  lines  may  be  drawn  as  in  the  first  method  and  the 
readings  taken  from  the  record  sheet.  The  same  thing  may  be 
accomplished  with  ordinary  paper,  provided  the  record  sheet  is 
placed  over  the  scale  sheet  on  a  grotmd-glass  plate  illuminated 
from  below  while  readings  are  taken  or  the  lines  are  drawn  on  the 
paper.  It  is  an  advantage,  whenever  possible,  to  actually  draw 
on  the  record  sheet  the  lines  mentioned,  because  the  record  is  more 
complete  and  it  is  more  easily  checked  by  a  second  reader. 

2.  CARDLBPOWBR  READ  DIRBCTLY  WITHOUT  A  PIUlfTBD  RBCORD 

Although  for  the  sake  of  obtaining  a  permanent  record,  the 
settings  are  usually  recorded  by  dots  on  the  sheet,  yet  it  is  not  at 
all  necessary  to  do  so.     By  means  of  a  cross-hair  reading  index 
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suspended  from  the  photometer  carriage  the  relative  values  of 
the  standards  may  be  read  directly  from  the  standard  scale  of  the 
proper  section  which  is  brought  immediately  under  the  cross  hair 
by  turning  the  cylinder. '  The  cross  hair  is  then  set  at  the  mean 
reading  of  all  the  standards  and  the  cylinder  is  turned  tmtil  the 
reading  on  the  scale  corresponding  exactly  to  the  true  value  of 
the  mean  of  the  standards  falls  immediately  tmder  the  cross  hair. 
The  cylinder  is  then  clamped  to  prevent  it  from  turning  on  its 
axis,  and  as  the  clock  is  not  required,  the  clutch  connecting  it  with 
the  cylinder  is  released.  Now  as  the  photometer  carriage  is  moved 
back  and  forth,  the  path  of  the  intersection  of  the  cross-hair  index 
corresponds  to  the  record  scale  on  the  standard  section.  In  order 
to  make  it  possible  to  take  readings  from  the  other  two  sections 
of  the  scale  also,  if  desired,  the  cylinder  is  clamped,  not  directly 
to  the  frame  on  which  it  rests,  but  to  a  circular  disk  mounted 
concentrically  on  the  same  axis  with  itself,  at  the  end  opposite  the 
clock,  and  the  disk  in  turn  is  held  rigid  with  the  frame  by  means 
of  a  stationary  pawl  which  engages  one  of  three  notches  in  its 
circumference,  each  notch  corresponding  to  the  record  scale  on 
one  of  the  sections.  This  notched  disk  and  pawl  now  take  the 
part  of  the  triple  sliding  index  used  in  drawing  the  record  scale 
in  each  section  as  described  above.  If,  for  instance,  the  standards 
are  read  from  the  middle  section  of  the  scale,  the  pawl  is  made  to 
engage  the  middle  notch  when  the  cylinder  is  set  and  clamped 
to  the  disk  and  either  of  the  other  two  sections  is  in  correct  position 
to  take  readings  when  the  cylinder  has  been  turned  the  proper 
direction  and  the  pawl  has  engaged  the  notch  corresponding  to  the 
section  desired. 

With  the  scale  used  in  this  manner,  it  becomes  a  valuable 
adjtmct  to  a  commercial  photometer,  for  which  purpose  it  may 
be  engraved  directly  on  the  metal  cylinder  itself.  It  has  all  the 
advantages  of  the  ordinary  commercial  scale  and  has  the  further 
advantage  of  quick  and  accurate  adjustment  without  a  tedious 
adjustment  of  the  comparison  lamp,  which  is  arbitrarily  set  at 
the  beginning  of  a  set  of  measurements  and  need  not  be  changed 
thereafter  either  in  voltage  or  in  distance. 
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Vm.  SPECIAL  METHODS  OF  RECORDING  SBTTOIGS 

1.  WHSN  RXCORDINO  LONG  OR  SHORT  8BSIB8  OF  MXASURBBCSNTS 

Although  a  single  record  sheet  is  usually  sufficient  for  a  series 
of  measurements  on  a  set  of  lamps,  yet  the  record  may  be  con- 
tinued on  a  second  sheet,  if  necessary,  without  repeating  the 
standards  used  at  the  beginning,  for  it  is  a  simple  matter  to  put  the 
second  sheet  at  exactly  the  same  place  on  the  cylinder  and  to 
draw  the  record  scale  in  the  same  relative  position  on  the  diagonal 
scales  on  the  two  sheets. 

On  the  other  hand,  two  or  more  short  series  of  measurements, 
made  by  as  many  different  observers,  may  be  recorded,  one  after 
another,  on  the  same  sheet.  Indeed,  all  the  different  observers 
may  make  measurements  on  the  same  lamp,  one  after  another, 
before  proceeding  to  the  next  lamp  in  the  set,  and  the  different 
observers'  values  may  be  read  off  separately  and  correctly.  Of 
course  the  position  of  the  linear  record  scale  may  be,  and  most 
probably  will  be,  different  for  each  observer's  record,  even  though 
no  change  be  made  in  the  adjustment  of  the  apparatus,  this  being 
due  to  the  personal  equation  and  to  a  difference  in  the  eyes  of 
the  observers.  This  method  of  measuring  and  recording  is  some- 
times useful  in  comparing  a  single  very  special  lamp  with  the 
standards. 

2.  WHSR  STANDARDIZING  AT  A  SPKCiyiRD  CANDLBPOWSR 

In  much  of  the  bureau's  work  it  is  necessary  to  standardize 
lamps  at  a  specified  value,  as  for  instance,  16  cp.  This  scale  has 
proved  itself  valuable  in  such  cases  in  the  way  of  saving  time, 
because  it  can  be  very  accurately  determined  in  advance  where  the 
reading  for  the  required  value  should  fall.  It  is  customary  to 
read  three  of  the  six  standards  at  the  beginning  of  a  set  of  meas- 
urements and  include  the  other  three  at  the  end,  in  order  to  detect 
any  possible,  accidental  changes  in  the  adjustment  of  the  appa- 
ratus and  also  in  order  that  any  continuous  change  in  the  com- 
parison lamp,  or  in  the  eye  of  the  observer,  may  be  eliminated  in 
the  mean  of  the  standards  and  in  that  of  the  test  lamps.  After 
the  first  three  standards  are  recorded  their  relative  values  are 
read  from  the  standard  scale  and  the  mean  determined.  In 
making  these  readings  the  printing  point  is  set  over  the  center  of 
the  group  to  be  read,  the  scale  being  brought  under  the  point 
by  timiing  the  cylinder.     If  the  value  required  for  the  test  lamp 
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is  of  the  same  nominal  candlepower  as  the  standards,  then  the 
exact  diflFerence  in  candlepower  between  the  value  required  and 
the  true  mean  value  of  the  three  standards  is  apjplied  algebra- 
ically to  the  mean  reading  and  the  resultant  value  is  marked  at  the 
proper  point  on  the  standard  scale  of  the  1 6-cp  section.  For  exam- 
ple, if  the  mean  reading  of  the  three  standards  is  16.19  cp  ^^  ^^^ 
standard  scale,  while  the  true  value  is  16.07  cp,  and  the  value 
required  for  the  test  lamp  is  16.00  cp,  then  the  reading  on  the 
standard  scale  corresponding  to  this  required  value  is  0.07  of  a 
candle  less  than  16.19  (^>  or  16.12  cp. 

A  reference  line  can  be  very  readily  drawn  through  the  mark 
just  made  at  16.12  cp  on  the  scale  by  the  method  described 
above,  i.  e.,  by  holding  the  point  of  a  pencil  on  the  mark  while 
the  cylinder  is  given  one  complete  turn.  This  line  will,  of  course, 
be  drawn  upon  the  basis  of  the  readings  on  but  three  of  the  stand- 
ards and  may  need  a  small  correction  when  the  readings  on  the 
other  three  standards  are  considered,  but  for  practical  ptuposes 
it  is  suflficiently  near  to  the  position  where  the  record  dots  for 
16.00  cp  should  fall.  This  same  line  serves  for  the  standardiza- 
tion of  a  lamp  to  be  any  midtiple  of  16.00  cp,  if  the  proper  sec- 
tored disk  is  used  on  the  test  side  during  the  measurement,  or 
any  fraction  of  16.00  cp  if  the  lamp  is  placed  at  the  proper  point 
on  the  photometer  bar,  in  which  case  the  reading  will,  of  course, 
be  taken  from  the  corresponding  section  of  the  scale. 

The  cylinder  is  then  turned  back  to  where  the  record  was  inter- 
rupted after  the  three  standards  were  recorded,  and  with  the 
printing  point  placed  over  the  reference  [line  just  determined  and 
the  test  lamp  in  the  socket  the  voltage  on  the  lamp  is  raised  by 
the  assistant  at  the  potentiometer  tmtil  the  observer  at  the  pho- 
tometer is  satisfied  that  there  is  a  photometric  balance.  The 
voltage  is  then  held  constant  while  the  observer  proceeds  to  make 
settings  and  corresponding  record  dots.  Although  it  is  almost 
impossible  to  make  the  mean  of  the  group  of  dots  fall  exactly  on 
the  reference  line,  yet  with  a  little  practice  the  observer  is,  in 
this  way,  able  to  determine  very  closely  the  proper  voltage  for  a 
given  candlepower  value.  The  relation  between  candlepower  and 
voltage  is  so  well  known  for  short  ranges  that  any  small  correction 
that  it  may  be  necessary  to  apply  to  the  observed  value,  to  give 
the  required  candlepower,  can  be  very  accurately  made  by  a 
corresponding  calculated  change  in  the  voltage. 
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a.  MEASUBSMENT  AUB  RBCORB  OF  BLBCTRICAL  QUAHTfTIBS 

1.  THB  XLBCTRICAL  MEASUBMMMRTS 

In  all  the  precision  photometric  work  of  the  bureau  the  current 
is  supplied  by  a  storage  battery  carrying  no  other  load,  and  both 
current  and  voltage  are  measiu-ed  by  means  of  a  potentiometer. 
While  the  photometer  settings  are  made  the  assistant  at  the 
potentiometer  controk  the  voltage  on  the  lamps  on  the  two  sides 
of  the  photometer  and  measiu-es  the  cturent  in  the  lamp  under 
observation. 
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Kg.  7.— Cards  for  Recordbtg  Vohag9  and  Currtnt  and  for  Compktt  Summary 

2.  RSCOSD  OF  ELRCTKICAL  MBASURSKBHTS  AND  FINAL  SUMMARY 

In  addition  to  making  the  electrical  measurements,  the  assist- 
ant records  on  a  filing  card  the  current  in  each  lamp  as  it  is  pho- 
tometered,  there  being  a  separate  card  for  each  lamp  (see  Fig.  7) 
except  that  the  record  of  the  six  standards  is  kept  together  on  a 
single  card  for  the  sake  of  convenience  in  determining  their  mean 
and  also  of  keeping  a  more  condensed  record  of  the  standards. 
The  ntunbers  of  the  lamps  and  their  corresponding  voltages  are 
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entered  on  the  cards  previous  to  making  the  run,  and  all  the  test- 
lamp  cards  are  linked  together  in  the  order  in  which  the  lamps 
are  to  be  photometered,  so  that  after  the  record  dots  are  printed 
no  error  will  be  introduced  in  recording  the  nimibers  of  the  lamps 
in  the  proper  order  opposite  the  groups  of  dots  corresponding  to 
them.  These  numbers  might  be  written  on  the  sheet  before  the 
lamps  are  photometered,  thus  providing  the  observer  with  a 
check  on  the  assistant  who  reads  the  numbers  of  the  lamps  as  he 
places  them  in  the  socket,  but  it  is  not  always  possible  to  make  the 
record  dots  fall  opposite  the  numbers  desired. 

The  test  lamp  card  contains  a  column  for  the  number  of  hours 
the  lamp  has  been  burned,  if  it  required  seasoning,  and  both  the 
standard  and  the  test  lamp  cards  contain  a  column  for  corrected 
current  and  two  columns  for  candlepower.  The  column  for  cor- 
rected current  is  required  because  when  the  voltage  is  measured  by 
means  of  a  potentiometer  part  of  the  current  passes  through  the 
accompanying  volt  box,  and  hence  a  correction  must  be  applied  to 
the  current  as  measured.  Two  columns  are  required  for  candle- 
power  because  measurements  are  now  made  by  two  observers  at 
the  same  time  on  the  same  lamp,  this  being  done  by  means  of  a 
double  photometer'  consisting  of  two  standard  photometers 
(referred  to  as  photometer  A  and  photometer  B,  respectively), 
such  as  already  described  in  this  paper,  placed  end  to  end,  the 
test  lamp  being  located  at  the  middle  where  the  two  photometers 
meet.  This  arrangement  permits  double  the  ntunber  of  measure- 
ments in  a  given  time,  reqxiires  the  standards  to  be  burned  only 
one-half  as  long  for  a  given  number  of  measurements,  and  espe- 
cially makes  the  settings  of  the  one  observer  a  valuable  check  upon 
those  of  the  other. 

By  the  data  given  on  the  candlepower  record  sheet  (Fig.  3)  and 
on  the  filing  cards  (Fig.  7)  there  is  formed  a  complete  historical 
record  of  all  the  work  done  on  a  lamp  while  under  observation, 
and  it  is  in  such  simple  form  as  to  be  very  conveniently  filed,  a 
complete  cross  reference  being  provided  by  a  serial  number  appear- 
ing on  every  record  sheet  and  card  connected  with  any  given  set 
of  measurements. 


'  Described  in  the  paper  referred  to  in  the  introduction. 
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X.  CONCLUSION 

This  combination  candlepower  scale  and  recording  device  has 
been  in  use  in  the  Bureau  of  Standards  almost  daily  during  the 
past  year  and  has  proved  itself  entirely  satisfactory.  It  has 
eliminated  the  computations  which  formerly  occupied  the  entire 
time  of  at  least  one  computer,  and  sometimes  that  of  two.  The 
results  of  a  half  day's  work  by  two  observers  on  the  double  pho- 
tometer can  be  read  from  the  scale  and  written  on  th^  record  sheets 
in  a  few  cninutes,  and  the  final  record  can  be  checked  entirely  by 
inspection.  There  are  no  tedious  adjustments  required  and  the 
photometer  settings  are  recorded  rapidly  and  accurately.  The  eye 
is  not  imnecessarily  fatigued  by  alternate  reading  of  the  pho- 
tometer screen  and  scale,  and  the  observer  is  almost  entirely 
freed  from  prejudice  in  making  the  settings.  The  record  is 
simple,  permanent,  and  complete,  and  is  easily  read,  checked,  and 
filed  for  future  reference. 

Washington,  Jime  6,  1910. 


A  DEVICE  FOR  MEASURING  THE  TORQUE  OF 
ELECTRICAL  INSTRUMENTS 


By  P.  C  Agnew 


Different  methods  have  been  used  to  determine  the  torque  of 
electrical  instruments.  A  common  method  is  to  hold  the  instru- 
ment with  the  axis  of  the  moving  element  in  a  horizontal  position 
and  place  a  small  weight  upon  the  needle,  sliding  it  along  the 
needle  tmtil  the  desired  deflection  is  obtained  when  the  needle  is 
horizontal.  The  torque  is  then  the  product  of  the  weight  and  its 
distance  from  the  pivot.  ^  It  is  not  well  adapted  to  such  instru- 
ments as  watthotu-  meters. 

A  commercial  instrument  was  developed  a  few  years  ago 
especially  adapted  to  measuring  the  torque  of  watthour  meters.' 
In  this  form  the  force  exerted  at  the  end  of  an  arm  attached  to 
the  moving  element  is  transmitted  to  the  vertical  arm  of  a  pivoted 
right-angled  lever,  the  opposing  force  being  obtained  by  a  small 
weight  on  the  horizontal  arm  of  the  lever. 

Recently  a  somewhat  similar  device  has  been  described '  in 
which  the  force  exerted  by  an  arm  attached  to  the  moving  element 
is  measured  by  a  calibrated  coiled  spring.  In  order  to  change 
the  range,  springs  of  different  strength  are  substituted. 

The  instrument  here  described,  while  specifically  designed  for 
the  determination  of  the  torque  of  electrical  measuring  instru- 
ments, is  generally  applicable  to  the  meastu-ement  of  small  hori- 
zontal forces. 

^  This  method  seems  to  have  been  first  described  by  Janus,  Elektrotechnische  Zeit- 
schrift,  26,  p.  560;  Z905. 
'  General  Electric  Bulletin  No.  4331. 
'Electrical  World,  55,  p.  12 12;  May  12,  19x0. 
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It  operates  on  the  pendulum  principle,  as  is  shown  in  Pig.  i ,  the 
essential  feature  being  the  use  of  a  scale  5  on  a  concave  spherical 
surface  turned  from  a  brass  casting  to  a  radius  of  ctu^ature  of  i 
meter.  The  bob  is  supported  from  an  adjustable  arm  and  so 
arranged  that  the  point  of  support  P  is  at  the  center  of  curvature 

of  the  spherical  scale.  A  silk  fiber 
is  used  as  suspension  and  is  wound 
on  a  friction  pin  A ,  for  convenience 
in  adjusting  its  length.  The  fiber 
passes  through  a  V-shaped  notch 
in  the  end  of  a  brass  strip  B,  which 
is  capable  of  a  small  horizontal 
adjustment  to  aid  in  the  initial 
centering.  The  whole  is  mounted 
on  an  ordinary  clamp  stand,  the 
tripod  being  fitted  with  leveUng 
screws.  The  clamp  C  allows  the 
scale  and  bob  to  be  lowered  as  a 
unit  for  convenience  in  applying  to 
an  instrument. 

The  graduations  of  the  scale  con- 
sist of   153  concentric  circles,  the 
distance  between  successive  circles 
being  approximately  i  mm.     The 
diameter  of  the  scale  is  30  cm.  Since 
the  horizontal  deflecting  force  varies 
as  the  tangent  of  the  angle  of  dis- 
placement, it  is  necessary,  in  order 
that  the  instrument  should  be  di- 
rect reading,  that  the  circles  should 
be  so  spaced  as  to  read  oflF  the 
tangents  of  the  angles  of  deflection 
directly.     If  the  length  of  the  pendulum  is  i  meter  and  the  dis- 
tances between  successive  circles  were  exactly  i  mm,  we  would 
have  for  small  angles 

0  =  tan  0  =  .001,  .002,  .003,  etc. 

To  make  the  scale  read  exact  tangents  for  the  larger  angles,  the 
following  method  was  adopted. 


Fig.  1. — Device  for  Measuring  Torque, 
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The  hollow  spherical  bowl,  after  having  been  turned  by  the 
usual  method,  was  kept  in  the  lathe  without  being  taken  from  the 
face  plate,  the  screw  carrying  the  tool  post  set  perpendicular  to 
the  axis,  and  the  center  then  carefully  located  by  the  graving  tool.^ 
The  tool  was  then  moved  out  from  the  center,  by  successive  steps^ 
the  following  distances  meastired  in  millimeters 

1000  sin  (tan**  .001) 
1000  sin  (tan"*  .002) 


1000  sin  (tan"*  .153) 

and  the  1 53  circles  engraved  at  these  settings.  A  little  considera- 
tion will  show  that  this  procediu-e  makes  the  scale  read  tangents  of 
angles  directly,  since  the  radius  is  1000  mm. 
The  scale  is  practically  imiform. 

The  bob  consists  of  a  small  hollow  brass  cyl- 
inder with  a  fine  sewing  needle  passed  through 
it  perpendicular  to  the  axis,  as  shown  in  Fig.  2. 
The  silk  fiber  by  which  the  horizontal  force  to  be 
measured  is  transmitted  to  the  bob  is  attached  ^**  ^'"b^^  ^ 
to  the  needle  and  passes  out  along  the  axis  of 
the  hollow  cylinder.  The  point  of  attachment  is  made  at  the 
center  of  mass  of  the  bob,  which,  for  convenience,  is  marked  by  a 
file  scratch.  The  mass  of  the  bob  alone  is  adjusted  to  0.5  gram, 
but  in  order  to  change  the  range  concentric  cylinders,  each  cut  in 
halves,  are  made  to  fit  snugly  over  the  inner  cylinder,  as  is  indicated 
in  Fig.  2.  These  extra  cylinders  make  the  total  mass  i,  2,  5,  10, 
and  20  grams,  respectively,  giving  a  range  of  40  to  i  for  full  scale 
deflection.  A  radial  saw-cut  in  each  half  cylinder  allows  these 
extra  weights  to  be  sUpped  into  place  without  disconnecting 
either  of  the  silk  fibers. 

For  the  meastu-ement  of  forces  we  have  the  relation 

Horizontal  force  =  weight  X  .001  X  reading  in  divisions. 

*  The  instrument  was  constructed  in  the  instrument  shop  of  the  Bureau  of  Standards 
by  Mr.  Rudolph  Hellbach. 
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In  measuring  the  torque  of  a  deflection  instrument — for  example, 
a  voltmeter — the  horizontal  thread  is  fastened  to  the  pointer  at  a 
convenient  distance  from  the  pivot,  the  whole  pendulum  system 
adjusted  to  the  proper  height,  and  the  voltmeter  moved  horizon- 
tally imtil  the  desired  deflection  is  produced.     We  then  have 

Torque  «  arm  X  weight  X  .001  X  reading  in  divisions. 

In  the  case  of  a  watthour  meter  it  is  necessary  only  to  attach 
the  thread  to  the  edge  of  the  disk,  apply  current  and  voltage  to 
the  meter,  and  allow  the  thread  to  wind  upon  the  disk  as  far  as 
it  will. 

The  level  may  be  easily  checked  by  lowering  the  bob  imtil  it 
just  clears  the  scale  and  swinging  it  over  the  different  parts  of 
the  scale.     If  it  does  not  touch  at  any  point,  the  level  is  correct. 

Measurements  may  easily  be  made  to  0.2  per  cent  or,  if  care  is 
used  in  making  the  adjustments  and  the  deflection  kept  near  full 
scale,  to  o.i  per  ^ent. 

It  may  be  of  interest  to  add  a  few  numerical  values  to  show  the 

order  of  magnitude  of  torques  ordinarily  met  with.     The  following 

are  the  least  and  greatest  values  found  for  three  different  types  of 

instruments,  several  different  makers  being  represented  in  each 

type. 

D.  C.  voltmeters,  0.289  to  2.06  gram-cm;  D.  C.  ammeters,  0.214 
to  0.873  gram-cm;  A.  C.  watthour  meters,  3.06  to  7.74  gram-cm. 

Washington,  Jtme  27,  1910. 


THE  INTENSITIES  OF  SOME  HYDROGEN,  ARGON.  AND 
HEUUM  UNES  IN  RELATION  TO  CURRENT  AND 
PRESSURE 


By  P.  G.  Nutdng  and  Orin  Tugman 


Lines  in  the  spectra  of  luminous  gases  have  long  been  known  to 
vary  in  intensity  with  conditions  in  the  excited  gas.  Some  gases 
exhibit  two  quite  different  spectra,  the  primary  and  secondary, 
either  of  which  may  predominate  according  to  the  violence  of 
the  discharge  causing  them.  Sparks  between  metallic  electrodes 
give  spectra  richer  in  lines  than  arcs  between  the  same  metals. 
Additional  capacity  in  circuit  intensifies  certain  lines,  inductance 
weakens  them.    Similar  variations  might  be  cited  in  great  number. 

To  study  these  complex  variations  in  spectra  we  have  chosen 
three  typical  spectra  given  by  gases  under  known  conditions  sub- 
ject to  control.  Hydrogen  was  selected  because  its  secondary 
spectrum  persistently  coexists  with  the  primary  even  with  feeble 
excitation  and  does  not  entirely  displace  it  even  with  intense 
excitation.  Argon  gives  a  spectrum  comparable  with  the  spectra 
of  many  metals,  intense  excitation  merely  brings  out  a  few  addi- 
tional lines.  Helium  is  the  opposite  extreme  from  hydrogen;  it 
persistently  gives  the  same  spectrum,  no  lines  appearing  or  dis- 
appearing as  the  excitation  is  varied. 

As  spectral  sources,  we  chose  as  the  most  reliable  the  Plticker 
tube  operated  on  high  potential  (5000  and  10  000  volts)  alternating 
current  from  transformers  controlled  by  resistance  in  the  low 
potential  circuit.  As  the  total  fall  of  potential  through  our  tubes 
was  less  than  1000  volts,  the  current  wave  on  5000  or  10  000  volt 
transformers  was  nearly  sinusoidal.  Some  of  the  earlier  work  was 
repeated  with  direct  current  and  gave  the  same  values  to  i  per 
cent.  The  first  of  the  work  was  done  with  all-glass  tubes  with 
capillaries  2.6X60  mm  and  disk  electrodes  in  spherical  bulbs. 

49 
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Such  tubes  carry  a  maximum  current  of  from  20  to  50  milliamperes 
before  showing  sodium  from  the  glass.  Later  we  developed  an 
end-on  tube  with  a  3  X  30  mm  porcelain  capillary  and  large  cylin- 
drical electrodes  which  would  safely  carry  half  an  ampere  of  cur- 
rent. The  bulbs  of  these  tubes  were  made  of  a  special  Coming 
glass  which  will  seal  to  porcelain. 

The  method  of  observation  was  to  compare  the  intensities  of 
the  lines  from  the  variable  tube  with  those  from  another  tube  kept 
under  constant  conditions.  All  readings  are  therefore  relative  to 
some  fixed  current  or  pressure.  Comparisons  were  made  with  a 
polarization  spectrophotometer.  The  greatest  care  was  observed 
in  using  only  ptu^  gases  and  in  avoiding  contamination,  par- 
ticularly by  mercury. 

To  avoid  possible  errors  due  to  varying  temperature  and  deter- 
ioration of  the  capillary  wall  (F.  infra)  the  tubes  were  run  on  open 
circuit,  lighting  up  only  when  a  double  key  was  pressed.  Thus 
the  tubes  were  spared  imnecessary  service  and  remained  near 
room  temperature.  Precision  milliammeters  were  continually  in 
circuit  with  the  tubes  except  when  the  disruptive  discharge  was 
used.  Both  ocular  and  collimator  slits  were  opened  to  admit 
about  6  fifi  of  the  spectrum. 

HYDROGEN 

Observations  were  made  at  six  different  regions  of  the  hydrogen 
spectrum,  three  in  the  primary  and  three  in  the  secondary.  The 
readings  in  the  secondary  were  made  on  the  prominent  red,  green, 
and  blue  lines,  a  656,  /3  486,  and  7  434  /x/i,  referred  to  collectively  as 
S.  In  the  primary  spectrum  no  attempt  was  made  to  observe 
individual  lines.  A  qualitative  photographic  test  shows  that  the 
numerous  fine  lines  vary  sensibly  together  (except  at  very  low 
pressiwes)  and  as  they  form,  with  low  resolving  power,  a  fairly 
tmiform  continuous  spectrum,  regions  were  selected  for  observa- 
tion at  about  61 1,  545,  and  460  /x/i,  referred  to  as  a,  6,  and  c,  and 
collectively  as  P. 

The  data  taken  on  the  variation  of  spectral  intensity  with  ciu*- 
rent  are  given  below.  The  first  table  refers  to  a  tube  with  porcelain 
capillary  3  mm  in  diameter  and  30  mm  long  viewed  end  on. 
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TABLE  I 


No-obna. 

H  LtaM-Intraslty-^Iataiiitty  at  •-20^  ^-1  mm 

Cwimt  in  ib«s. 

^a 

^0 

^r 

P^ 

20 

40 

50 

75 

120 

200 

250 

300 

370 

380 

400 

440 

2 
4 
1 
1 
3 
2 
5 
3 
1 
2 
2 
2 

1.0 

2.6 

3.9 

5.4 

14.2 

20.5 

29.2 

48.8 

57.0 

59.5 

•  •  •  • 

66.0 

1.0 

2.2 

2.6 

3.9 

10.2 

17.0 

18.1 

18.2 

26.5 

24.0 

•  •  •  ■ 

26.5 

1.0 

2.0 

2.9 

2.7 

5.5 

6.5 

10.7 

16.3 

14.0 

12.0 

•  ■  •  • 
«  •  •  • 

1.0 

1.7 

2.3 

3.3 

4.4 

7.1 

8.2 

8.9 

11.5 

10.7 

13.0 

11.1 

All  values  for  light  intensity  are  relative  to  the  intensity  at 
i  =  20.  A  zero  reading  (i  =  20)  was  taken  just  before  and  just  after 
each  reading  at  higher  current  and  if  the  zero  showed  any  shift 
the  reading  was  rejected.  Both  tubes  were  filled  with  fresh  gas 
at  I  mm  pressure  for  each  set  of  observations.  The  primary 
spectrum  showed  no  selective  (wave  length)  eflFect  at  even  the 
highest  currents,  so  the  mean  of  the  three  readings  is  given  in  the 
last  column. 

These  data  are  represented  in  Fig.  i .  The  red  line  is  seen  to 
vary  much  more  rapidly  with  current  than  the  others.  A  least 
square  reduction  for  the  intensity  P  of  the  primary  spectrum  gave 


to 


1-042  — -0.0432 


(i)' 


+0.000981  — 


(0 


Calling  the  intensity  of  any  line  L  we  computed  values  of  K  in 
log  {LJLq)  ^K  log  {ij^o) .  The  values  K  were  very  nearly  constant 
for  each  of  the  lines  over  the  wide  range  of  current  used,  but 
showed  a  slight  and  systematic  lowering  for  intermediate  currents 
{150-200  m.  a.) .  Since  the  total  power  absorbed  by  the  gas  is  the 
product  of  potential  gradient  (X)  and  current,  we  should  expect 
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line  intensities  to  be  simpler  functions  of  power  Xi  than  of  cur- 
rent t.  The  gradient  was  determined  and  values  are  given  below. 
Different  lines  should,  however,  be  the  same  ftmctions  of  gradient 
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and  current.     Taking  the  primary  spectrum  as  a  standard,  we 
computed  m  in 


log 


a 


a 


m  log 


20 


20 


and  similarly  for  the  lines  0  and  7  and  obtained  values  of  m  showing 
no  systematic  variation  with  intensity.  This  is  significant,  con- 
sidering the  wide  range  of  intensities  covered. 


TugmanJ 

We  find 
Hence 
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m,  — 1.67,  m^— 1.35,  wt;^  — i.i4±.o2 
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The  computed  tmcertainty  in  m  is  about  2  per  cent.     It  may  be 
expressed  as  a  ftuiction  of  wave  length  X  in 


m  =  68i 


m  —  I  «  68 


(251     V 


In  Fig.  2  are  plotted  these  values  of  m  together  with  the  relative 
energy  intensities  of  the  observed  lines. 

The  curve  for  m  (X)  indicates  that  the  fourth  secondary  line 
(S,  X=4io)  would  vary  at  the  same  rate  (w  —  i)  as  the  primary 
spectrum,  while  lines  farther  out  toward  the  head  of  the  Balmer 
series  would  increase  less  rapidly  than  the  primary  with  increase 
of  current  and  hence  could  not  be  brought  out  prominently  at  this 
gas  density  with  any  current. 

The  most  probable  values  of  the  spectral  intensity  taken  from 
the  adjusted  curves  are  given  in  Table  2. 

TABLE  n 


< 

P 

a 

$ 

r 

20 

1.00 

1.00 

1.00 

1.00 

50 

2.1 

3.45 

2.72 

2.33 

100 

3.8 

9.3 

6.1 

4.6 

150 

5.4 

16.7 

9.7 

6.8 

200 

6.8 

24.5 

13.3 

8.9 

250 

8.2 

33.5 

17.1 

11.0 

300 

9.4 

42.0 

20.5 

12.9 

350 

10.4 

49.8 

23.5 

14.4 

400 

11.5 

59.1 

27.0 

16.2 

450 

12.3 

66.1 

29.5 

17.4 
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The  relative  energies  of  the  given  Unes  given  in  Table  3  and 
plotted  in  Fig.  2  were  obtained  by  comparison  with  a  carbon  fila- 
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m 

1.7 


1.6 


1.5 


1.4 


1.3 


1.2 


1.1 


ment  glow-lamp  whose  energy-curve  at  a  given  voltage  had  been 
determined  by  Dr.  Coblentz. 

The  uncertainty  in  the  data  given  is  perhaps  5  per  cent. 
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Um 

i 
6S6 

LttBfS 

Hyd.S 

a 

197 

184(Er-l) 

fi 

486 

24 

58(Er-l) 

r 

434 

7.0 

1 

a 

611 

130 

59.7  (Vc"l) 

h 

515 

38 

8.3  (Bc-1) 

e 

460 

14 

1.0 

Considerable  preliminary  work  was  done  with  tubes  having  glass 
capillary  portions  of  2.6  mm  bore  viewed  transversely.  Data  thus 
obtained  are  a  useful  supplement  to  that  (above)  obtained  with 
porcelain  capillary  and  heavy  currents.  In  Table  4  are  combined 
data  taken  with  six  different  new  tubes  all  of  the  same  dimensions 
and  each  filled  with  fresh  gas  at  i  mm  pressure.  As  neither  pri- 
mary nor  secondary  spectrum  showed  any  selective  effect,  the 
results  for  each  spectrum  are  combined. 

TABLE  IV 


Cumat 

2 

3             s 

1 

7 

9 

12 

IS 

Primaxj 
Secondary 

0.16 
.04 

0.24 
.09 

0.34 
.17 

0.49 
M 

0.65 
.42 

0.81 
.65 

1.0 
1.0 

Writing  as  before  5/5,5  ==  (^/^i»)"*»  w  =  i  .73  ±  .02,  independent  of 
current  as  with  large  currents. 

This  lack  of  selective  effect  was  at  first  attributed  to  lack  of 
saturation  in  the  thin  column  viewed  from  the  side,  but  careful 
determinations  at  10  m.  a.  made  with  the  end-on  porcelain  capillary 
showed  that  there  was  no  selective  effect  as  large  as  one-third  that 
indicated  by  extrapolation  from  higher  currents. 

The  smallest  currents  at  which  observations  were  taken  were 
2  m.a.  Fig.  3  shows  that  all  lines  vanish  at  or  very  near  zero 
current,  not  at  a  finite  value  of  the  current  as  has  been  frequently 
assumed.  The  cause  of  the  whiteness  of  the  glow  at  low-current 
densities  and  redness  at  high  is  readily  seen  from  Figs,  i  and  3. 

The  potential  gradient  (volts  per  cm)  in  the  tubes  with  glass 
capillary  2.6  mm  diameter  is  given  in  the  following  table.     It  was 
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determined  by  measuring  the  total  drop  between  electrodes  of  a 
tube  with  a  long  capillary  before  and  after  cutting  out  about 
ID  cm  of  the  capillary. 
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Volts  per  cm  in  H,  2.6  mm  Capillary 


16  M.A. 


<(mju) 

PrMfure  (mm) 

0.5 

1.0 

• 

2.0 

3.0 

8.0 

2 

44.5 

60.2 

97.0 

125 

191 

5 

37.8 

56.1 

90.4 

107 

150 

9 

33.7 

52.1 

81.1 

93 

128 

12 

34.2 

50.5 

74.6 

84 

122 

15 

35.8 

49.5 

67.4 

78 

120 

Finally,  the  gradient  in  the  porcelain  capillary  cf  the  large  tube 
was  determined  by  measuring  the  drop  between  potential  elec- 
trodes inserted  at  each  end  of  the  porcelain  part. 

Volts  per  cm  in  H,  3  mm  cap.,  1  mm  Pressure 


Current 
Volts/cm 


20 

50 

100 

150 

200 

250 

300 

350 

400 

50.0 

46.0 

43.3 

41.7 

40.7 

40.0 

39.7 

39.3 

39.0 

450 
38.7 
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Expressing  line  intensity,  L,  as  a  function  of  internal  energy 


L     /E\n 


Line 
n  — 


P 
.901 


a 
1.500 


13 
1. 216 


1.022  ±.005 


without  S3rstematic  variation.     The  relation  between  m  and  n  is 
n=»  0.901  m. 

The  above  empirical  law  is  consistent  with  a  radiation  ftmction 
of  the  form 

in  which  A  and  k  are  functions  of  wave  length,  and  T  is  a  function    , 
of  internal  energy. 

GAS-DENSTTT  AND  OTHER  EFFECTS 

The  effect  of  pressure  on  line-intensity  at  constant  current  was 
studied  with  glass  tubes  similar  to  those  last  described.  From 
several  htmdred  observations  the  following  mean  values  were 
adopted.  No  selective  effect  was  apparent  in  either  primary  or 
secondary,  but  these  differ  considerably  from  each  other.  All 
values  are  in  terms  of  those  at  i  mm  pressure  as  unity. 


PrMMin 

Seoondaiy 

Pftnuuy 

0.25  mm 

0.55 

•  •  •  • 

0.50 

.78 

0.80 

0.75 

.97 

.97 

1.00 

1.00 

1.00 

1.5 

.90 

.92 

2.0 

.78 

.85 

3 

M 

.72 

4 

.47 

.61 

5 

.38 

.53 

6 

.32 

.48 

7 

.28 

.44 

8 

.25 

.41 

10 

.20 

.38 
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The  current  was  15  m.a.  (tubes  in  series)  and  the  reference  tube 
filled  at  I  mm  presstu-e  in  each  case.  These  results  are  shown 
graphically  in  Fig.  4. 

With  both  tubes  filled  with  hydrogen  at  0.3,  0.5,  2,  and  8  mm 
pressure  and  a  current  of  15  m.a.  through  the  reference  tube, 
readings  were  taken  with  variable  current  (2  to  15  m.a.)  through 
the  observation  tube.  These  sets  of  readings  diflfered  very  little 
from  those  taken  at  i  mm  pressure. 
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Temperature  of  wall. — When  the  capillary  part  of  a  tube  was 
heated  with  a  flame  to  about  200°,  a  fell  off  20  to  30  per  cent, 
while  fi  and  7  and  the  whole  of  the  primary  were  not  affected  by 
as  much  as  3  per  cent.  The  tube  recovers  as  it  cools  and  the 
effect  was  repeated  on  several  tubes.  Since  the  current  itself 
warms  the  tube  20®  to  100®,  very  discordant  results  may  be 
obtained  tmless  the  tubes  are  maintained  at  constant  temperatures. 

Effect  of  use, — ^A  tube  of  hydrogen  after  half  an  hour  of  contin- 
uous operation  shows  a  marked  decrease  in  intensity  of  all  lines 
of  both  spectra.  After  an  hotu-'s  run,  a  purple  tinge  may  be 
detected  in  the  capillary,  and  if  this  be  cut  out  of  the  tube  and 
viewed  end-on,  a  layer  of  glass  less  than  0.2  mm  thick,  next  to  the 
iimer  wall,  will  be  seen  to  be  highly  colored.     This  coloring  is  not 
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aif  ected  by  moderate  heating,  but  is  completely  removed  by  heat- 
ing to  the  softening  point  of  the  glass ;  the  effect  increases  steadily 
with  continued  use.  Refilling  a  tube  with  fresh  gas  at  the  same 
pressure  produces  no  measureable  effect  on  spectral  intensity. 

This  effect  on  the  inner  wall  might  be  due  either  to  negative 
electron  bombardment  or  to  ionization  by  the  extreme  ultra-violet 
waves  in  which  the  hydrogen  spectrum  is  so  rich.  We  are  inclined 
to  the  latter  view.  The  effect  is  greater  for  hydrogen  than  any 
other  gas.  A  helium  tube  has  been  nm  a  hundred  hours  without 
appreciable  deterioration  at  a  current  that  would  have  produced 
a  ID  per  cent  change  in  a  hydrogen  tube  in  half  an  hotu-. 

Oxygen  with  hydrogen. — Both  reference  tube  and  working  tube 
were  filled  with  hydrogen  at  2  mm  pressiwe,  then  zero  readings 
were  taken,  the  reference  tube  closed  off,  and  an  additional  2  mm 
of  oxygen  admitted  to  the  working  tube.  Then  with  tubes  in 
series  (15  m.a.  through  both)  it  was  found  that  the  oxygen  had 
cut  down  cz,  fi,  and  7  about  30  per  cent  each,  and  a,  6,  and  c  con- 
siderably more  than  that  amotmt,  and  a  more  than  c  so  that  the 
red  primary  barely  showed.  The  net  effect  of  the  oxygen  then 
is  to  make  the  secondary  spectrum  much  more  prominent.  It  is 
easy  to  see  why  this  spectrum  has  so  often  been  attributed  to 
water-vapor.  This  is  a  rich  field  for  further  study;  we  have 
touched  upon  it  only  to  guard  against  possible  error. 

In  the  cathode  glow  and  striations  the  relation  of  primary  to 
secondary  varies  from  that  in  the  ordinary  anode  column.  The 
primary  is  relatively  brighter  (50  per  cent)  in  the  brighter  parts 
of  the  striations  where  recombination  is  supposed  to  be  particularly 
active.  In  an  ordinary  tube  with  disk  electrodes  and  plenty  of 
room  for  the  cathode  glow,  the  secondary  is  slightly  more  prominent 
in  that  glow  than  in  the  capillary;  but  in  other  tubes  with  cylin- 
drical electrodes  set  close  to  the  walls,  the  cathode's  glow  is  nearly 
white  and  strongly  favors  the  primary. 

At  atmospheric  pressure  a  zinc  spark  (2  mm)  in  hydrogen  gave 
hydrogen  spectra  not  very  different  nor  in  different  proportion 
from  those  in  the  comparison  tube.  The  increased  width  of  the 
lines,  however,  made  a  more  exact  comparison  difficult. 

A  tube  with  fine  capillary  (about  0.3  mm)  when  adjusted  to  the 
same  current-density  as  the  reference  tube  gave  spectra  so  nearly 
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like  those  of  the  reference  tube  that  no  certain  differences  could  be 
detected. 

End-on  effect. — ^Using  the  light  from  the  side  of  a  2.6  mm  capil- 
lary, we  compared  it  with  an  end-on  tube  with  a  capillary  portion 
3.2  X 32  mm.    This  gave  for  relative  intensities: 

a  fi  y  a  b  c 

End-on 

3Jd^,QP         I         1-35         1-58         4-37         4-37         4-39 

These  are  relative  to  a,  since  there  was  an  indeterminate  constant 
factor  involved.  This  apparently  great  departure  from  saturation 
may  be  due  to  a  difference  in  the  electrical  conditions  as  the 
current  leaves  a  capillary.  We  later  obtained  similar  readings  (not 
quite  as  high)  from  one  end  of  a  capillary  viewed  from  the  side. 

Spark,  capacity,  and  inductance. — ^The  disruptive  discharge  was 
studied  in  considerable  detail  with  various  tubes  containing  gas 
at  1 ,  5,  and  10  mm  pressure.  Two  identical  tubes  were  adjusted  to 
15  m.a.  current,  but  on  independent  circuits,  and  then  the  discharge 
in  one  of  them  made  disruptive,  the  reference  tube  remaining  at 
I  mm  and  15  m.a.  in  each  case.  Some  typical  results  are  given 
below,  the  three  primary  readings  being  combined,  as  they 
remained  equal  throughout  to  within  the  tmcertainty  of  meas- 
urement. 


Pressure,  1  mm— 

Spark:  No  Spark 

Spark+C:  ITo  Spark. . . . 

S-fC-fl:  S-fC 

5  nun — 

Spark:  No  Spark 

S+C:  No  Spark 

S+C+I:  S-fC. 

10  mm^ 

.  Spark:  No  Spark 

S+C:  No  Spark 

S-fC+I:  S+C 

Porcelain  1:1  mm  200  m.a. — 

S+C:  No  Spark 


a 

fi 

r 

0.59 

0.56 

0.60 

.191 

.118 

.063 

.22 

.13 

.110 

1.0 

.80 

.74 

1.0 

.35 

.23 

.76 

.86 

1.22 

2.30 

1.20 

.90 

5.88 

2.55 

1.00 

.50 

.60 

1.00 

.79 

.64 

.52 

0.73 
.095 
.191 

.90 
.25 

1.31 

1.10 

.87 

1.50 

.46 
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These  results  show  the  same  selective  effects  as  were  obtained 
with  heavy  steady  currents.  In  the  first  case,  for  example,  the 
effect  of  capacity  was  to  give  a,  fi,  and  7  the  ratio  3:2:1  while  P 
lies  between  fi  and  7.  These  agree  well  with  the  values  for  a 
current  of  200  to  250  m.a.  in  the  porcelain  tube.  On  the  other 
hand,  in  the  last  case  where  a  heavy  current  (200  m.a.)  was  used 
with  the  condenser,  the  effect  was  much  less  marked,  about 
equivalent  to  raising  the  current  to  300  m.a.  The  apparent 
weakexiing  of  the  discharge  was  due  to  the  longer  interval  in  which 
no  current  is  passing.  The  effect  of  inductance  appears  to  be 
merely  to  neutralize  part  of  the  capacity  effect.  The  secondary 
lines  a,  13,  and  7  are  affected  by  both  capacity  and  inductance  in 
the  order  named,  a  most  and  fi  least.  « 

Spectroheliographs  taken  with  the  red  hydrogen  line  show 
distinctly  higher  levels  of  the  solar  atmosphere  than  those  taken 
with  the  lines  of  shorter  wave  length.  Our  results  on  the  effect 
of  varying  the  intensity  of  excitation  indicate  just  the  opposite 
effect,  the  lower  layers  being  more  intensely  excited  should  show 
the  red  line  relatively  more  prominent  than  the  outer  layers.  The 
selective  effect  of  varying  gas  density  we  fotmd  to  be  very  small 
over  a  range  of  pressures  from  0.2  mm  to  i  atmosphere,  so  that  the 
observed  solar  effect  could  not  plausibly  be  attributed  to  this 
cause.  Kayser  *  holds  to  the  view  that  lines  of  the  same  spectral 
series  should  vary  with  excitation  as  would  portions  of  the  same 
wave  lengths  in  the  spectrum  of  a  heated  cavity,  a  view  contra- 
dicted by  our  results  with  the  hydrogen  secondary  spectrum. 

The  solar  effect  and  the  end-on  effect  above  recorded  may  be 
accounted  for  very  simply,  however,  by  the  blanketing  effect  of 
the  outer  layers  of  a  radiating  gas  upon  the  inner  layers.  The 
chief  result  of  this  blanketing  being  that  the  fainter  lines  in  the 
spectrum  of  the  inner  layers  would  be  relatively  brighter  than  in 
that  from  the  outer  layers. 

ARGOIf 

The  change  in  the  argon  spectrum  from  the  **  red  "  to  the  *'  blue  " 
as  the  discharge  is  made  disruptive  is  well  known.  The  change  is 
due  to  the  production  of  additional  lines  in  the  blue  and  violet. 

*  Zeit.  Wiss.  Phot.  M^rz,  1910. 
58397*— X 1-5 
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Thus  the  argon  spectrum  behaves  like  the  spectra  of  most  metals 
and  is  intermediate  in  behavior  between  spectra  which  do  not 
vary  at  all  and  those  which  vary  easily  and  completely.  These 
additional  lines  of  the  secondary  (blue)  spectnmi  we  were  able  to 
produce  in  the  porcelain  tube  without  the  aid  of  series  spark  or 
capacity  and  their  behavior  was  studied  at  currents  ranging  from 
450  m.  a.  down  to  about  100  m.  a. 


1.0 

^ 

- 

t 

1 

_ 

^^ 

"o 

^ 

s 

.9 

iP- 

^ 

^ 

J 

'^ 

f 

^ 

y" 

^ 

^ 

/ 

ft 

/ 

^ 

MV 

i^ 

i 

/^ 

/ 

f 

/ 

< 

<^ 

p\ 

/ 

/ 

7 

/ 

0 

r 

/ 

A 

J 

f 

•  r 

/ 

r 

/ 

J 

/ 

/ 

0 

i 

/ 

A 

f 

/ 

/ 

1 

/ 

/ 

/ 

J 

/ 

z 
111 

f 

fj 

f 

/ 

/ 

// 

/ 

/ 

f 

/ 

J  .4 

// 

/ 

y 

/ 

/ 

f 

1 

/ 

/ 

y 

/ 

.3 

y 

/ 

/ 

/ 

L 

/ 

r 

/ 

r 

.2 

r 

/ 

r 

/ 

iT 

^ 

y 

1 

«- 

& 

^ 

- 

^ 

r^ 

^ 

s= 

100 


200 


300 


400  M.A. 


CURRENT 

rig.  5 

We  selected  for  study  five  of  the  most  prominent  lines  of  the* 
primary    (red)    spectrum.     The  primary   lines  were:  Red  X696, 
orange  X603,  green X556,  blue  X454,  and  violet  X420  /a/a.   The  second- 
ary groups  studied  were  at  X443  and  X48 1  u/a.     These  are  in  regions 
quite  free  from  primary  lines. 

The  data  for  argon  are  given  in  the  following  table  and  figure. 
The  values  given  are  graphical  means  of  from  two  to  six  deter- 
minations at  eight  values  of  the  current  for  the  primary  lines  and 
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five  (115  to  450  m.  a.)  for  the  secondary,  using  porcelain  capillary 
3  mm  in  diameter. 
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Data  on  Aigon 


Cumit 

Seeandary 

696 

603 

556 

454 

420 

1 

481 

443 

20 

0.20 

0.39 

0.40 

0.49 

0.47      1 

a  «  •  • 

•  •  •  • 

50 

.47 

.54 

.55 

.68 

.62 

•  •  •  • 

•  •  •  a 

100 

.69 

.70 

.68 

.83 

.77 

0.050 

0.062 

200 

.90 

.85 

.83 

.95 

.91 

.16 

.24 

300 

.98 

.92 

.92 

.98 

.97 

.37 

.49 

375 

«  •  •  * 

a  •  •  ■ 

•  •  •  ■ 

•  •  •  • 

•  •  •  • 

.62 

.74 

450 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

The  wide  departures  of  line  intensities  from  proportionality  with 
current  are  well  shown  in  Fig.  5.     All  the  primary  lines  rise  very 
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abruptly  and  then  become  nearly  constant  at  high  currents,  while 
the  secondary  groups  rise  very  slowly  at  first  and  then  very  steeply. 
There  is  no  indication  that  these  secondary  lines  appear  abruptly 
at  a  large  value  of  the  current,  but  rather  that  they  start  at  or  near 
zero  of  ciurent.  Empirical  exponential  relations  between  the 
intensities  of  the  argon  lines  may  be  set  up  as  for  the  hydrogen 
lines,  but  the  uncertainty  in  the  data  is  so  great  that  such  relations 
are  of  little  value.  No  determinations  of  the  potential  gradient  in 
argon  were  made. 

With  20  m.a.  current,  when  condenser  with  series  spark  was 
added,  relative  intensities  of  primary  and  secondary  were  such  as 
were  obtained  at  250  m.a.  without  capacity.  With  200  m.a. 
initial  current,  the  eflFect  of  condenser  was  roughly  equivalent  to 
increasing  the  current  to  350  m.a. 

In  studying  the  effect  of  gas  density  on  line  intensity  no  attempt 

was  made  to  adjust  the  pressure  to  any  given  value  on  account  of 

the  risk  of  introducing  impurities.     Sets  of  readings  were  taken 

first  at  high  pressure,  then  after  removal  of   a  portion  of  the 

gas,  and  so  on  down  to  a  cathode  ray  vacuiun.     This  process 

was  repeated  six  times  and  mean  ciuves  drawn  through  points 

located  at   the   many  diflFerent   pressures.     At  pressures  below 

I  mm   determinations  differed  so  widely  that  the  data  in  this 

region  can  be  regarded  as  having  but  little  more  than  qualitative 

value.     Observations  were  made  on  glass   tubes   with   2.6   nun 

capillary  viewed  side  on  at  the  middle.     The  ciurent  was  20  m.a. 

throughout. 

Argon,     Line  Intensity  and  Pressure 


PraMore  (mm) 

Line 

696 

603 

556 

454 

420 

0.35 

0.96 

1.58 

1.85 

0.97 

0.95 

.70 

1.04 

1.16 

1.21 

1.03 

1.06 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

2.00 

JS2 

.79 

.79 

.67 

.72 

3.00 

.70 

.66 

.66 

.43 

.55 

4.00 

•62 

.55 

.55 

.31 

.43 

5.00 

.58 

.49 

.49 

.37 

.25 

The  blue  and  violet  lines  are  most  sensitive  to  pressure  changes, 
the  red  line  least. 


'ugmanj 


Radiaiion  from  Gases 


65 


HELIUM 


The  helium  spectrum  is  of  the  type  that  does  not  vary  as  the 
discharge  is  made  disruptive.  The  cathode  glow  is  richer  in  lines 
than  the  anode  or  capillary  glow,  and  with  disruptive  discharge  at 
low  pressures  these  cathode  lines  appear  in  all  parts  of  the  dis- 
charge.    Excluding  these,  we  have  not  been  able  to  ojbtain  new 
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Knes  with  the  heaviest  currents  and  disruptive  discharges  available 
nor  with  pressures  up  to  10  mm 

The  total  Ught  emission  of  helium  per  cm  length  of  capillary  as 
a.function  of  current,  pressure,  bore,  and  form  of  ciurent  has  been 
previously  studied.*     Preliminary  results '  on  the  red  and  blue 

*Bufl.  Bu.  of  Standards,  4,  pp.  511-523;  1908.       'Nature,  81,  p.  189;  1909. 
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lines  668  and  447  showed  that  these  varied  with  current  in  sensibly 
the  same  proportion  when  this  variation  was  eighteenfold,  the 
current  being  varied  from  2.5  to  45  m.  a.  in  a  2.6  mm  capillary. 
We  have  since  extended  this  work  to  eight  lines  and  to  currents 
of  450  m.  a.  in  the  3  mm  porcelain  capillary. 

The  lines  studied  were  the  eight  brightest  in  the  visible  spec- 
trum; the  two  red  706  and  667,  the  yellow  587,  the  three  green 
504,  501,  and  492,  blue  471  and  447  /a/x.  The  variation  of  line 
intensity  with  current  is  given  in  the  following  table.  These  data 
are  graphical  means  of  six  sets  of  observations  at  seven  values  of 
the  current.  They  were  obtained  with  new  tubes  with  porcelain 
capillary  3  mm  in  diameter  and  30  mm  long  viewed  end  on. 
Another  similar  tube,  which  had  previously  been  used  for  a  month 
with  argon,  gave  curves  10  per  cent  lower  but  of  the  same  form. 

Helium.     Intensity-Current  Data 


Current 

706 

667 

S87 

504 

501 

492 

471 

447 

20 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

50 

1.5 

1.9 

1.9 

1.8 

3.0 

2.2 

1.7 

2.4 

100 

2.3 

3.1 

3.1 

2.9 

6.3 

3.8 

2.8 

4.6 

200 

3.1 

5.1 

5.1 

4.5 

12.1 

6.1 

4.7 

8.3 

dOO 

3.7 

6.7 

6.6 

5.9 

16.6 

7.9 

5.5 

11.0 

450 

4.2 

8.8 

8.5 

7.6 

23.1 

10.2 

7.1 

14.1 

All  lines  increase  less  and  less  rapidly  with  increase  in  current 
(and  energy) ,  thus  showing  the  characteristic  of  primary  lines. 

The  potential  gradient  (volts/cm)  in  helium  at  various  pressures 
and  currents  was  determined  with  one  of  the  3-mm  porcelain 
capillary  tubes  used  in  determining  the  intensity-current  curves. 
The  results  are  given  below. 
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Pt6wim 

Cttmnt  (m.  a.) 

5 

10 

20 

SO 

100 

200 

300 

450 

1 

29.8 

28.8 

27.4 

25.3 

23.4 

23.3 

21.6 

21.0 

2 

30.5 

29.8 

28.9 

26.8 

24.8 

23.4 

22.9 

22.5 

4 

31.3 

30.7 

29.8 

28.0 

26.5 

24.8 

24.2 

23.7 

5 

32.2 

31.7 

30.5 

28.9 

27.1 

25.4 

24.7 

24.3 

6.6 

33.7 

32.7 

31.7 

29.8 

28.2 

26.2 

25.3 

24.7 

10.0 

35.7 

35.0 

34.3 

32.7 

30.7 

28.1 

27.5 

27.0 

The  complete  data  on  change  of  intensity  with  pressure  are  given 
in  the  following  table.  About  forty  observations  were  made  on 
each  line,  using  different  tubes  and  different  fillings  of  gas.  All 
the  data  given  refer  to  glass  tubes  with  2.6-mm  capillary  carrying 
20  m.a.  current  (variable  and  reference  tubes  in  series)  viewed 
from  the  side  at  the  middle.  We  also  investigated  the  effect  of 
pressure,  using  capillaries  of  i  -mm  and  of  5-mm  bore,  and  found  the 
variation  with  pressure  much  less  in  the  former  case  and  slightly 
enhanced  in  the  latter  (in  comparison  with  2.6-mm  tubes). 

Helium.     Pressure  Effect 


Pmsure 

Wave  lesflha  of  Ubm 

(mmHg) 

706 

667 

587 

504 

501 

492 

471 

447 

0.8 

2.6 

1.08 

1.0 

1.2 

0.7 

1.5 

0.7 

.92 

0.5 

2.3 

1.20 

1.12 

1.4 

.9 

.82 

1.02 

.8 

2.0 

1.28 

1.20 

1.4 

1.05 

1.05 

1.1 

1.1 

1.6 

1.28 

1.22 

1.35 

1.18 

1.02 

1.1 

1.1 

1.25 

1.15 

1.12 

I.IS 

1.15 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

.97 

.95 

.95 

.85 

.90 

.87 

.88 

.90 

.93 

.90 

.90 

.72 

.80 

.75 

.75 

.79 

8 

.88 

.85 

.87 

.62 

.70 

.68 

.70 

.70 

9 

.82 

.80 

.85 

.55 

.65 

.60 

.60 

.65 

10 

.8 

.77 

.82 

.50 

.6 

.52 

.58 

.62 

The   pressures  at  which  the  maximum    emission    occurs  are 
higher  for  helium  than  for  either  hydrogen  or  argon. 
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DISCUSSION  AND  SUMlfART 

This  work  has  been  done  with  photometer  and  alternating 
current  rather  than  with  bolometer  and  direct  current,  not  only 
on  account  of  the  greater  ease  and  simplicity  of  manipulation  but 
on  accotmt  of  the  much  greater  range  of  intensity  that  may  be 
studied.  The  lower  half  of  our  curves  of  variation  with  current 
could  hardly  be  obtained  with  bolometer  or  Rubens  thermopile, 
and  it  is  just  this  region  that  is  of  greatest  importance.     Again,  in 
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working  with  great  current  densities  narrow  capillaries  are  to  be 
avoided  on  account  of  increased  wall  losses.  We  have  used  large 
capillaries  (2.6  and  3.0  mm)  throughout,  and  yet  we  regard  wall 
losses  as  the  chief  sotirce  of  uncertainty  in  our  results. 

An  essential  soiuce  of  ambiguity  in  all  work  of  this  nature  lies 
in  the  tmcertainty  in  the  degree  of  saturation  (radiation  compared 
with  the  radiation  from  a  very  thick  layer  of  the  same  gas  in  the 
same  condition)  of  the  radiation  in  each  spectrum  line.  This 
varies  not  only  with  each  form  and  size  of  tube  and  each  current 
and  pressure  used,  but  with  each  line  or  part  of  a  line  studied. 
In  this  preliminary  work  we  have  striven  merely  for  constant, 
reproducible  conditions,  and  to  map  out  the  general  course  of 
phenomena.  Later  work  for  determining  radiation  constants 
must  give  simultaneous  measurements  of  radiation  and  absorption. 

Our  chief  results  have  been  the  determination  of  line  intensity 
as  a  function  of  current  and  gas  density  in  hydrogen,  argon,  and 
helitun. 

All  lines  studied  increase  continuously  with  increase  of  current. 
The  primary  lines  of  argon  and  hydrogen  appear  to  be  approaching 
a  constant  intensity  at  the  highest  currents,  but  no  lines  were 
found  which  showed  a  decrease  in  intensity  with  increase  of 
current. 

Secondary  or  spark  lines  may  be  produced  by  merely  increasing 
the  ciurent  without  the  use  of  spark  or  condenser.  These  second- 
ary Unes  do  not  start  abruptly  at  a  large  value  of  the  internal 
energy  even  with  argon,  but  continue  along  down  toward  zero 
of  ciurent.  All  the  lines  studied  fall  into  one  or  the  other  of  two 
distinct  classes — primary  lines  which  increase  less  and  less  rapidly 
with  increase  in  current  (or  internal  energy) ,  and  secondary  lines 
which  increase  more  and  more  rapidly  with  increase  in  current. 

The  secondary  spectrum  of  helium  has  no  prominent  lines  in 
the  visible  spectrum. 

The  potential  gradients  in  hydrogen  and  helitun,  in  a  capillary 
3.0  X  30  mm,  decrease  rapidly  at  first  and  then  more  slowly  with 
mcrease  of  ciurent.  The  curves  showing  line  intensity  are  sensibly 
the  same  in  form  when  plotted  with  either  internal  energy  or 
current  as  abscissas,  except  that  the  scale  is  sKghtly  enlarged  near 
the  origin. 
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Line  intensity  as  a  function  of  gas  density  shows  a  pronounced 
maximum  at  from  i  to  4  mm  pressure  in  the  case  of  every  line 
studied  except  one,  He  504. 

None  of  the  lines  studied  contain  a  constant  fraction  of  the  total 
internal  energy  of  the  radiating  gas.  In  other  words,  no  line 
intensity  is  directly  proportional  to  the  internal  energy.  The 
helium  lines  give  the  nearest  approach  to  such  a  law,  but  even  in 
this  case,  with  a  liberal  allowance  for  wall  losses,  we  are  convinced 
that  no  such  law  holds. 

The  intensities  of  some  of  the  lines  studied  remain  in  a  constant 
ratio  independent  of  the  internal  energy.  This  is  true,  to  within 
the  uncertainty  of  our  measurements,  of  the  whole  of  the  primary 
spectrtun  of  hydrogen.  This  means  that  each  of  these  lines  rep- 
resents a  constant  fraction ,  not  of  the  total  internal  energy ,  but  of  the 
whole  energy  of  the  primary  spectrum.  Some  pairs  of  lines  (Ar  603 
and  556,  He  667  and  587,  504,  and  471  /a/x)  vary  alike  throughout, 
i.  e.,  both  lines  of  the  pair  follow  the  same  energy  law  with  the 
same  parameters.  As  a  rule,  intensity  curves  for  the  diflFerent 
lines  of  the  same  spectrum  (primary  or  secondary)  do  not  cross, 
but  the  red  argon  line  (696)  is  a  conspicuous  exception. 

In  one  spectrtun  (the  hydrogen  secondary)  the  logarithmic  line 
intensities  are  sensibly  in  a  constant  ratio  to  each  other  (as  given 
in  the  text).  In  no  other  case  have  we  found  such  a  relation  to 
hold  to  within  the  imcertainty  in  our  results. 

Washington,  August  6,  1910. 
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I.  INTRODUCTION 

1.  FORMER  VALUBS  IN  USB 

Widely  varying  values  are  in  use  for  the  temperature  coefficient 
of  resistance  of  copper.  Some  of  those  which  have  been  much 
used  are  given  in  the  following  table,  in  which  a^  and  a^Q  are  given 
respectively  by  the  equations : 

i?o,  -^ao*  /?«=  resistance  respectively  at  o°  C,  at  20°  C,  and  at  t®. 
t  =  any  temperature  centigrade. 


Matthiessen's  tempenture  coei&cient,  O"*  C  to  20"*  C 

Labontoire  Central  d'ftl«ctricit6 

KenneUy  and  Fessenden,  1890 

American  Institute  of  Electrical  Engineers 

Verband  Deutscher  Elektrotechniker 

(British)  Institution  of  Electrical  Engineers 

Lagarde,  1893 


a. 


20 


0.00398 

0.00369 

.00400 

.00370 

.00406 

.00375 

.00420 

.00387 

.00426 

.00392 

.00428 

•00394 

.00445 

.00409 

Matthiessen's  formula  is:  X|=\,  (i— 0.0038701  /+0.000009009  f).  X|  and  \,= 
conductivity,  or  reciprocal  of  resistance,  at  t®  and  o**  C,  respectively. 

The  second  value  given  is  that  used  by  French  engineers.  The 
value  given  by  the  American  Institute  of  Electrical  Engineers  has 
also  been  assumed  by  the  Btu-eau  of  Standards.  The  value  given 
by  the  Verband  Deutscher  Elektrotechniker  has  been  in  general 
use  in  Germany  since  1896,  and  was  obtained  by  assuming  ori^ « 
0.904.  The  relations  between  a^,  nr^g,  etc.,  are  given  in  Section  IV 
of  this  paper.  The  British  Institution  of  Electrical  Engineers' 
value  is  based  on  the  measurements  of  Clark,  Ford,  and  Taylor, 
in  1899,  and  happens  to  be  the  same  as  that  determined  by  Dewar 
and  Fleming  in  1893.  Matthiessen's  two-term  formula,  published 
in  1862,  is  given  in  terms  of  conductivity  instead  of  resistance,  and 
has  been  used  probably  more  than  any  other.  Inasmuch  as  a 
linear  formula  suffices  to  express  the  accuracy  of  all  work  done  up 
to  the  present  for  moderate  temperature  ranges,  and  as  the  many 
digits  of  Matthiessen's  coefficients  are  without  significance  (the 
first  being  the  mean  of  a  number  of  values  ranging  from  0.0037351 
to  0.0039954) ,  it  is  evident  that  the  fmther  use  of  this  formula  is 
undesirable. 


DtUtMoer]  Temperature  Coefpcient  of  Copper  73 

2.  HBCBSSmr  FOR  THE  PRSSBXIT  INVXSTIOATIOII 

The  variations  of  the  values  in  the  above  table  may  be  consid- 
ered to  be  due  either  to  errors  of  the  measurements  made  in  estab- 
lishing them  or  to  differences  in  the  temperature  coefficients  of 
different  samples  of  copper.  In  either  case,  accurate  results  can 
not  be  expected  when  one  of  these  values  is  taken  as  fixed  and 
used  for  all  samples.  That  this  fact  is  not  recognized  is  shown  by 
the  common  practice  of  assuming  that  the  temperature  coefficient 
is  the  same  for  different  samples  of  copper,  while  the  conductivity 
is  usually  measured.  It  was  accordingly  considered  of  importance 
to  determine  whether  the  temperature  coefficient  of  different  sam- 
ples does  vary,  and  also  to  find  whether  there  is  any  simple  relation 
between  the  conductivity  and  the  temperature  coefficient. 

An  investigation  has  been  carried  out  with  the  above  in  view 
upon  samples  of  copper  which  represent  a  considerable  ntunber  of 
the  chief  sources  of  supply  of  the  copper  used  for  electrical  pur- 
poses and  which  include  the  native  metal,  that  refined  by  smelting, 
and  that  refined  by  electrolysis.  The  results  show  that  there  are 
variations  of  the  temperatiu-e  coefficient,  and  that  to  a  fair  accuracy 
the  relation  of  conductivity  to  temperature  coefficient  is  a  simple 
proportionality.  This  relation  is  in  corroboration  of  the  results  of 
Matthiessen  and  others  for  differences  in  conductivity  caused  by 
chemical  differences  in  samples;  but  the  present  results  show  that 
it  holds  for  both  physical  and  chefaiical  differences.  Thus,  hard- 
drawing  and  annealing,  even  more  exactly  than  changes  in 
chemical  composition,  cause  proportional  changes  in  conductivity 
and  temperature  coefficient. 

n.  EXPERIMENTAL  DATA 

The  experimental  work  was  carried  out  with  wires,  sizes  6  to 
12,  Brown  &  Sharpe  gage,  of  about  120  cm  length.  The  resistivity 
and  percent  conductivity  were  computed  from  measurements  of 
the  length,  mass,  and  resistance.  The  resistivity  is  given  in  ohms 
per  meter-gram  by  multiplying  the  resistance  per  meter  by  the 
mass  per  meter.  The  "percent  conductivity"  is  calculated  on 
the  assumption  of  100  percent  conductivity  corresponding  to  a 
resistivity  of  0.153022  ohm  per  meter-gram  at  20®  C*     According 

^  This  is  the  value  assumed  by  the  Bureau  of  Standards  as  representing  "  Matthies- 
sen's  standard/'  an  arbitrary  standard  in  wide  use  commercially.  This  value  corre- 
sponds also  to  1. 72 1 28  micro-ohms  per  centimeter  cube  at  20^  Con  an  assumed 
density  of  8.89. 
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to  practice  that  is  now  very  general  in  scientific  work,  20°  C  is  used 
as  the  standard  temperature  instead  of  o®  C.  The  final  results 
will  be  given,  however,  for  0°  C,  15®  C,  20®  C,  and  25®  C,  and  they 
can  be  computed  for  any  temperature. 

L  THE  RESISTANCE  MEASXTREMENTS 

For  the  resistance  measurements  the  wires  were  placed  in  a 
specially  designed  oil  bath  with  provisions  for  efficient  stirring 
of  the  oil,  for  heating  and  cooling,  and  for  temperature  regulation. 
The  wire  was  held  between  heavy  clamps  through  which  the  cur- 
rent was  introduced.  For  conductivity  determinations  the  resist- 
ance was  measured  between  knife  edges  mounted  i  meter  apart 
on  the  marble  base.  The  Thomson  bridge  method  was  used  for 
measuring  the  resistances,  employing  a  double  set  of  variable  ratio 
coils;  an  accuracy  of  i  in  10 000  was  easily  attained.  The  resist- 
ance of  the  copper  sample  was  compared  with  the  resistance  of  a 
copper  standard  in  the  same  bath  as  the  test  sample.  The  copper 
standards  were  wires  carrying  soldered  potential  leads  and  placed 
in  frames  having  connections  for  both  current  and  potential  leads. 
These  Connections  dropped  into  mercury  cups  on  the  marble  base 
in  the  oil  bath.  The  resistances  of  the  copper  standards  were 
compared  from  time  to  time  with  manganin  resistance  standards 
which  were  kept  in  a  separate  oil  bath.  The  method  of  comparing 
the  copper  samples  with  a  copper  standard  has  the  advantage  that 
accurate  temperature  measurement  is  unnecessary. 

2.  THE  TEMPERATURE  COEFFICIENT  MEASUREBfENTS 

For  the  measm-ements  of  the  temperature  coefficient,  potential 
terminals  were  used.  The  resulting  temperature  coefficient  is 
therefore  that  of  *  *  constant  mass. ' '  (See  page  92.)  The  terminals 
were  soft-soldered  to  the  wires  a  little  over  a  meter  apart.  Meas- 
urements of  the  resistance  between  the  meter  knife-edges  before 
and  after  soldering  on  the  potential  terminals  showed  differences 
in  general  well  below  i  in  10  000.  Hence  it  may  safely  be  assumed 
that  the  soldering  did  not  appreciably  alter  the  conductivity. 
The  temperature  coefficient  was  measured  by  comparing  the 
resistance  of  the  sample  at  two  or  more  temperatures  with  the 
resistance  of  a  copper  standard  in  the  same  bath.  This  gave  the 
diflFerence  between  the  temperature  coefficients  of  the  sample  and 
of  the  standard,  and  as  the  diflFerence  was  always  small  the  tem- 
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perature  measurements  did  not  have  to  be  made  with  great  accu- 
racy. The  temperatures  used  in  these  comparisons  were  between 
20°  C  and  50°  C,  the  range  being  always  greater  than  10®  C.  The 
temperature  coefficients  of  all  the  samples  were  measured  against 
the  same  copper  standard.  The  relative  accuracy  of  the  resulting 
values  of  the  temperature  coefficient  is  therefore  high  and  is 
estimated  as  within  ±  0.000  004  (or  o.  i  per  cent) . 

The  absolute  accuracy  of  the  temperature  coefficient  values 
depends  on  measurements  which  were  made  upon  three  of  the 
samples,  for  a  range  of  12®  C  to  100®  C.  The  resistances  (of  two 
of  these)  were  compared  against  manganin  standards  at  constant 
temperature,  and  the  temperattires  measiued  with  a  mercury 
thermometer  at  approximate  10®  intervals  in  this  range.  (The 
third  was  measured  only  at  25®  C,  55°  C,  and  100°  C.)  The 
measurements  were  made  in  a  well-stirred  oil  bath.  It  was  ascer- 
tained that  no  appreciable  errors  were  introduced  by  conduction 
of  heat  through  the  leads  of  the  wire  tmder  observation,  and  that 
the  temperature  was  sufficiently  uniform  to  permit  of  accurate 
temperature  measurement.  To  the  thermometer  readings  were 
applied  calibration,  ice  point,  and  emergent  stem  corrections. 
The  accuracy  of  the  resistance  measurements  was  within  0.004  per 
cent,  and  the  precision  of  reading  the  thermometer  was  within 
0.03®  C.  The  higher  temperatures  were  not  known  to  this  accu- 
racy, however,  because  of  the  large  correction  for  emergent  stem. 
Thus  at  100®  C  the  stem  correction  was  uncertain  by  0.2°  C,  which 
makes  the  computed  value  of  the  temperature  coefficient  uncertain 
by  0.000  01 ,  or  0.2  per  cent.  The  accuracy  of  the  computed  values 
of  the  temperature  coefficient  from  the  observations  below  70®  C 
is  estimated  as  within  0.000  004,  or  o.  i  per  cent ;  the  relative  values 
of  the  temperature  coefficients  of  the  three  wires  as  obtained  from 
these  measurements,  and  as  obtained  by  measurement  against  the 
copper  standard,  agree  well  within  this  accuracy.  Within  the 
limits  of  accuracy  stated,  for  the  range  of  12°  C  to  100®  C,  the 
temperature  coefficient  was  found  to  be  linear.  The  important 
range  of  temperature  in  commercial  work  extends  to  about  75°  C. 
The  temperature  coefficient  is  here  shown  to  be  accurately  linear 
up  to  this  temperature,  and  if  there  is  any  departure  from  a  linear 
relation  between  70°  C  and  100®  C  it  is  inappreciable  in  commercial 
work. 
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The  results  of  the  measurements  on  the  separate  samples  are 
given  in  the  table  below.  In  each  case  a^  is  divided  by  the  per- 
cent conductivity  and  the  quotient  given  under  C.  C,  the  constant 
resulting,  is  the  computed  value  of  the  temperature  coefficient  of 
copper  of  100  percent  conductivity. 

TABLE  I 

Temperature  Coefficients  (1)  Observed,  and  (2)  Computed  for  Copper 

of  100  Percent  Conductivity 


Pwcant  condnc- 

/      R«-R»  \ 

c 

Mean  values  of  C 

DevieUaos  (mn 

thrtty* 

{      Percent  con-  1 
y      dttcttvtty      / 

final  mean 

•97.44 

0.00384o 

0.00394i 

•97.46 

384, 

394, 

•97.54 

384« 

394, 

100.22 

395o 

394i 

0.00394, 

+0* 

100.24 

395, 

394, 

100.29 

3954 

394, 

100.44 

395« 

394, 

•97.47 

382, 

3924 

100.11 

393i 

3927 

.00392, 

-h 

99.96 

3927 

392, 

lOOt.09 

392, 

392, 

.00392, 

-1. 

•98.18 

386o 

393, 

•98.25 

386o 

392, 

.00393o 

-Qi 

99.73 

393. 

394, 

100.16 

393, 

393, 

.00393, 

0 

•96.56 

380e 

394, 

•96.96 

382, 

394, 

99.63 

39I7 

393, 

.00393, 

-0, 

99.97 

392, 

392, 

•94.13 

371, 

394, 

•95.80 

378, 

394, 

96.60 

381, 

394, 

.00394, 

+1, 

99.89 

394, 

395, 

•97,07 

384o 

395, 

• 

99.75 

394, 

395o 

.00395, 

+1* 

*  loo  percent  conductivity  corresponds  to  resistivity  of  o.xsjoaa  ohznper  metei^cram  (or  x.ysiaS 
micro-ohms  per  centimeter  cube,  density— 8.89),  at  ao^  C. 
'Hardnirawn  wires;  the  others  are  annealed. 
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TABLE  I— Continued 


/      IBLt-Rn  \ 

c 

Mean  valuM  of  C 

Dcftattons  traB 

Psfcmt  oomduc- 

tMtf* 

1      Pwcentooa-  1 
\        ductlvtty    / 

frMff  *"*1f1l 

y    tin{t-20]J 

»  97.96 

0.00385, 

0.00393, 

0.00393, 

-0, 

100.70 

395^ 

393, 

99.14 

392e 

396^ 

.00395, 

+u 

99  J9 

392g 

395, 

■ 

*  96.95 

383o 

395o 

.00394, 

+0, 

100.26 

394e 

393, 

»  97.84 

385o 

393, 

.00393, 

-0, 

100.54 

395, 

393, 

•97.25 

382, 

393, 

.003934 

-o« 

100.14 

393, 

393, 

•97.75 

3«4. 

393, 

.00393, 

-0, 

100.70 

395, 

392, 

Meindefia- 
tloo 

Fli 

lalmean 

.00393, 

-0, 

Fli 

ud  mean  rounded 

off 

.00394 

-0Jj6 

*  Hard-drawn  wires;  the  others  are  annealed. 
3.  THB  SOURCBS  OV  BCATBHIAL  RBPSBSBITTXD 

Each  one  of  the  groups  into  which  the  results  are  divided  repre- 
sents one  source  of  material.  These  sources,  without  reference 
to  the  order  in  the  table,  were  the  following: 

{Calumet  and  Heda  Smelting  Works,  Hubbell,  Mich. 
Quincy  Mining  Company,  Hancock,  Mich. 
Buffalo  Smelting  Works,  Buffalo,  N.  Y. 

American  Smelting  and  Refining  Company,  Mau- 
rer,  N.  J. 

The  Baltimore  Copper  Smelting  and  Rolling  Com- 
pany, Baltimore,  Md. 

The    United    States    Metals    Refining   Company 
Chrome,  N.  J. 

Ran  tan  Copper  Works,  Perth  Amboy,  N.  J. 

Nichols  Copper  Company,  Laurel  Hill,  N.  Y. 

^  A.  Grammont,  Pontnde-Ch^ruy,  France. 
58397**—" 6 


Electrolytic  refiners 


Wire  manufacturers 
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American  Brass  Company,  Waterbury,  Conn. 
John  A.  Roebling's  Sons  Company,  Trenton,  N.  J. 
Standard    Underground    Cable    Company,    Perth 

Amboy,  N.  J. 
Heddemheimer     Kupferwerk     und    SQddeutsche 

Kabelwerke,  Frankfurt-am-Main,  Germany. 
Kabelf abrik  -  und  Drahtindustrie  -  Actien  -  Gesell- 

schaft,  Vienna,  Austria. 

Most  of  these  companies  kindly  furnished  the  samples  of  copper 
wire  at  the  request  of  the  Bureau  of  Standards.  This  opportu- 
nity is  taken  of  expressing  appreciation  for  the  cooperation  of 
these  companies.  Some  of  the  refiners  were  represented  only  in 
the  samples  submitted  by  one  of  the  wire  manufacturers.  One 
sample  was  from  an  ordinary  purchase  of  wire. 

It  will  be  seen  that  a  considerable  number  of  the  most  important 
producers  of  copper  are  included  in  the  list.  This  country,  Ger- 
many, France,  and  Austria  are  represented.  As  the  samples 
(except  three;  see  next  paragraph)  were  the  usual  commercial 
grade  of  copper  that  is  sold  for  electrical  purposes,  and  as  the  range 
of  conductivity  of  the  samples  covers  thoroughly  the  range  of  such 
copper,  it  is  believed  that  the  results  are  representative.  The 
third  column  of  the  table  shows  the  agreement  of  the  samples 
from  each  source.  The  fourth  column  shows  the  agreement  of 
the  various  sources.  The  fifth  column  gives  the  deviations  of  the 
group  means  from  the  final  mean.  The  mean  deviation  is 
0.000008,  or  0.2  per  cent.  The  experimental  error  of  the  separate 
measurements  is  probably  not  greater  than  0.000004,  or  0.1  per 
cent.  However,  in  view  of  all  the  circumstances,  the  mean 
deviation  is  remarkably  small,  and  we  are  justified  in  saying  that 
the  accuracy  of  the  final  mean  is  probably  well  within  0.000  01. 

4.  BFTECT  or  CHEMICAL  DIFFBRBIf CBS  OF  SAMPLES 

The  agreement  of  C  for  samples  differing  in  chemical  composition 
is  shown  throughout  the  list,  and  in  particular  by  the  seventh 
group.  The  samples  in  this  group  were  of  copper  refined  by 
smelting.  The  first  three  samples  of  this  group  are  the  only  ones 
given  in  the  list  which  do  not  represent  the  usual  copper  which  is 
sold  and  accepted  for  use  as  electrical  conductors.  The  first  is  a 
hard-drawn  wire  and  the  third  an  annealed  wire  of  "cupola" 
copper,  known  to  be  highly  arsenical.     The  second  is  a  hard-drawn 
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wire  of  "silver-bearing"  copper,  containing  0.17  per  cent  silver. 
The  fourth  in  the  group  is  the  regular  refined  copper  of  the 
smelter.  Chemical  analyses  of  the  refined  copper  and  the  cupola 
copper,  which  were  furnished  by  the  smelting  company,  are  given 
herewith: 


Copper. 

Silver 

Arsenic 

Lead 

Iraii 

Sulphur 

Zinc 

Nickel 

Antimony  and  ^old 

Biamttthy  selenium,  and  tellurium 
O^^eUy  by  difference 


RtfllMd 


Captia 


90.88 

90.8S 

0.0710 

0.0570 

.0006 

.0099 

None 

Trace 

.0014 

.0063 

.0022 

.0064 

Trace 

.0008 

.0010 

.0106 

Faint  trace 

Faint  trace 

None 

None 

.0450 

.0560 

The  arsenic  alone  is  sufficient  to  accotmt  for  the  low  conductivity 
of  the  cupola  copper. 

5.  xrvBCT  or  physical  DivrsKSNCBS  or  samplbs 

The  agreement  of  C  for  samples  di£fering  in  physical  condition  is 
shown  by  the  first,  second,  sixth,  eighth,  ninth,  eleventh,  twelfth, 
thirteenth,  and  fourteenth  groups.  The  wires  indicated  by  a  supe- 
rior figure  (')  were  hard-drawn ;  the  others  were  annealed.  The  effect 
of  hard-drawing  and  annealing  was  further  tested.  A  piece  of  the 
same  soft  wire  from  which  was  taken  the  fifth  sample  in  the  table 
was  partially  hardened  by  drawing  through  dies,  and  the  measure- 
ments showed 

conductivity  =  98.96%,  or^o  ==0.003902,  C«o.oo3943 

Also,  a  piece  of  the  hard-drawn  wire  given  second  in  the  table  was 
annealed  by  heating  electrically  to  a  dull-red  heat  and  gave  the 
following 

conductivity  =  100. 1 5 % ,  ofjo = 0.003948,  C = 0.003942 
Again,  the  identical  sample  given  first  in  the  table  was  annealed, 
and  gave 

conductivity  =»  100. 1 4% ,  a^o  =*  0.003946,  C  «  0.003941 

The  agreement  of  C  before  and  after  the  alteration  of  physical 
condition  in  all  cases  is  withm  the  experimental  error. 
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The  eflFect  of  local  hardening  of  a  wire  was  also  investigated. 
This  is  of  importance  because  in  ordinary  use  copper  wire  is  bent 
and  coiled.  Bending  is  known  to  produce  local  hardening  and 
increase  of  resistance.  The  increase  of  resistance  is  usually  con- 
sidered to  be  due  simply  to  increase  of  specific  resistance,  just  as 
the  hardening  of  a  wire  by  drawing  increases  the  specific  resistance. 
It  would  therefore  be  expected  that  the  temperature  coefficient 
would  increase  as  does  the  resistance.  That  this  view  is  in  error 
was  shown  by  the  following  experiments.  An  annealed  wu-e  was 
bent  back  and  forth  at  a  number  of  points,  and  the  resistance  and 
temperature  coefficient  remeasured.  The  apparent  conductivity 
decreased,  while  the  temperature  coefficient  scarcely  changed  at  all. 
The  wire  was  then  annealed  and  remeasured.  The  results  are 
given  in  the  following  table: 


a^ 

c 

Before  bending 
After  bending 
After  annealing 

100.11 
99.31 
99.48 

0.003931 
.003926 
.003929 

0.003927 

Another  annealed  wire  was  treated  more  severely,  bent,  pulled, 
twisted.     The  results  are  given  in  the  following  table: 


<1'to 

C 

Before  distortion 
After  distortion 

100.44 
98.35 
98.90 

0.003959 
.003931 
.003953 

0.003942 

After  annealing 

In  this  case  the  apparent  conductivity  showed  a  large  decrease 
upon  distortion,  and  the  temperature  coefficient  a  slight  decrease. 
We  therefore  conclude  that  most  of  the  apparent  decrease  in 
conductivity  is  due  to  some  such  cause  as  change  of  cross  section. 
This  conclusion  is  strengthened  by  the  result  of  the  annealing.  If 
the  decrease  in  conductivity  were  due  simply  to  a  hardening,  we 
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should  expect  that  the  annealing  would  restore  the  former  con- 
ductivity. But  we  see  that  the  annealing  actually  raises  the 
apparent  conductivity  only  slightly  and  raises  the  temperature 
coefficient  a  proportionate  amount,  in  fact  restoring  practically 
the  original  temperature  coefficient.  The  greater  part  of  the 
decrease  in  apparent  conductivity,  due  to  local  distortions,  is 
therefore,  caused  by  local  changes  in  cross  section.  Ordinary 
bending,  as  seen  from  the  first  of  these  two  wires,  changes  the 
temperature  coefficient  practically  not  at  all.  It  will  be  noticed 
that  the  value  of  C  is  not  computed  for  the  distorted  wires  in  the 
two  preceding  tabulations.  This  is  to  emphasize  the  fact  that  a 
correct  value  of  C  is  not  obtained  with  samples  which  have  been 
bent  and  distorted;  as  may  be  seen,  in  these  cases  the  value  of  C 
would  be  too  high.  In  the  measurement  of  conductivity  the 
assumption  of  a  tmiform  sample  must  be  carefully  guarded,  while 
this  is  not  necessary  in  the  measurement  of  temperature  coefficient. 
This  will  be  discussed  below. 

7.  COPPBR  SAMPLES  T9AT  KAD  If BVBR  BBBN  MBLTSD 

Besides  the  results  already  given,  measurements  were  made  upon 
some  samples  of  electrolytic  copper  wire  drawn  directly  from 
cathode  plates  without  intermediate  melting.  These  were  of 
especially  high  conductivity  because  of  high  purity,  the  chief  gain 
in  conductivity  probably  being  due  to  freedom  from  the  cuprous 
oxide  introduced  in  melting.     The  results  were: 


Pirciint  condocttftty 

^10 

C 

101.33 
101.35 
101.50 
*  99.46 

0.003972 
.003969 
.003976 
.003896 

0.003920 
.003916 
.0039^7 
.003917 

*  Hard-drawn. 


The  first  two  samples  were  from  one  of  the  electrolytic  refiners 
mentioned  above,  and  the  third  and  fourth  from  another;  the  first 
three  samples  were  annealed,  the  fourth  was  hard  drawn.  These 
results  for  C  lie  slightly  below  any  of  the  values  in  the  table  above. 
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They  were  omitted  from  the  table  because  this  cathode  copper 
was  specially  prepared  for  experimental  purposes,  and  the  table 
is  intended  to  represent  simply  the  copper  commercially  obtain- 
able. Further,  there  is  evidence  that  wires  prepared  from  the 
'  cathode  plates  are  not  as  homogeneous  as  the  ordinary  copper. 
Thus  some  of  the  wires  had  a  longitudinal  black  line  the  whole 
length  of  the  wire.  This  appeared  to  be  the  result  of  a  creasing 
over  of  the  surface  layer  by  the  hammering  process  which  was  used 
to  prepare  the  plates  for  drawing;  the  surface  layer  probably 
contained  iron  and  oxide  and  other  impurities.  The  view  that 
the  low  values  of  C  are  due  to  inhomogendties  which  are  not 
present  in  the  ordinary  copper  which  has  been  melted  is  strength- 
ened by  a  further  experiment.  The  samples  were  annealed  at  a 
dull  red  heat ;  the  results  then  were : 


Ptietnt  condocttvtty 

rrto 

C 

101.39 
101.54 
101.53 
101.41 

0.003982 
.003963 
.003984 
.003980 

0.003927 
.003922 
.003924 
.003925 

Cathode  copper  is  known  to  occlude  considerable  quantities  of 
hydrogen.*  We  might,  therefore,  expect  abnormalities  in  its  prop- 
erties. The  precise  explanation  of  the  original  low  values  for  C 
is  not,  however,  apparent;  if  there  were  defects  in  these  wires  in 
the  nature  of  local  discontinuities  we  should  expect  the  apparent 
conductivity  to  be  less  than  the  real  conductivity,  and  the  tem- 
perature coefficient  to  be  unaffected;  hence  the  value  of  C  would 
be  too  high. 

Another  anomalous  case  found  was  that  of  some  native  lake 
copper  which  had  never  been  melted  down.  The  wires  had  been 
drawn  directly  from  the  mass  of  native  copper.  Annealed,  it  had 
higher  conductivity  and  temperature  coefficient  than  any  other 
copper  as  yet  measured  at  the  Bureau  of  Standards  (except  that 

^Soret  -ComptesRendus  107,  p.  733;  1888,  and  108,  p.  1298;  1889.  Foerster-ZS 
Electrochem.  6,  p.  508;  1899. 
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the  temperature  coefficient  of  the  above-mentioned  cathode  cop- 
per was  higher  after  re-annealing).  The  results  follow;  the  first 
is  a  hard-drawn  wire,  the  second  annealed. 


^it 

C 

99.17 
101.71 

0.003885 
.003978 

0.003918 
.003911 

It  is  to  be  noted  that  both  these  wires  and  the  cathode  samples 
of  the  preceding  paragraph  were  prepared  from  copper  that  had 
not  been  melted. 

HL  CONCLUSIONS 

1.  PROPOanONALITT  or  TBMPBRATURB  COBmCIXlIT  AND  CORDUCTIVrnr 

The  principal  result  of  this  investigation  may  be  expressed  in  the 
form  of  the  following  practical  rule:  The  20^  C  temperature  coef- 
ficient of  a  sample  of  copper  is  given  by  multiplying  the  number 
expressing  the  percent  conductivity  by  0.00394,  (100  percent  con- 
ductivity is  taken  as  corresponding  to  a  resistivity  of  0.153022 
ohm  per  meter-gram  at  20**  C.)  This  is  intended  to  apply  merely 
to  the  copper  furnished  for  electrical  uses,  and  to  the  temperature 
range  of  10®  C  to  100®  C,  over  which  the  temperature  coefficient 
was  found  to  be  linear.  The  practical  importance  of  this  relation 
is  evident,  for  it  gives  the  temperature  coefficient  of  any  sample 
when  the  conductivity  is  known.  Thus,  the  temperature  coefficient 
for  the  range  of  conductivity  of  commercial  copper  may  be  exhib- 
ited by  the  following  table : 

TABLE  II. 
Temperature  Coefficients  of  Commercial  Copper 


Ohms  p9t  neter- 

Pexcentcon- 
diictivttjr 

art 

an 

am 

a» 

0.15940 

96% 

0.00409 

0.00386 

0.00378 

0.00371 

.15776 

97 

.00414 

.00390 

.00382 

.00375 

.15614 

98 

.00418 

.00394 

.00386 

.00379 

.15457 

99 

.00423 

.00398 

.00390 

.00383 

.153022 

100 

.00428 

.00402 

•08394 

.00386 

.15151 

101 

.00432 

.00406 

.00398 

.00390 

\ 
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The  above  table  was  calculated  by  means  of  the  following 
formula,  which  holds  for  any  temperature,  t^,  and  any  percent 
conductivity,  n  (expressed  decimally— e.  g.,  if  percent  conduc- 
tivity =99  per  cent,  n=o.99)  • 

1 

—7-^ r  +  (^-20) 

n  (.00394) 

2.  THB  RBSISTIVITT-TBMPBRATURB  CONSTANT 

Conductivity  tests  are  made  in  connection  with  the  purchase 
of  wire  by  many  refiners,  wire  manufacturers,  makers  of  instru- 
ments, and  others.  A  knowledge  of  the  temperature  coefficient 
is  important  in  the  determination  of  conductivity  when  the  meas- 
urements are  made  at  a  temperature  other  than  the  standard  tem- 
perature. Our  rule  can  be  put  in  a  remarkably  convenient  form 
for  such  cases,  viz:  The  change  of  the  resistivity  per  degree  C  of 
a  sample  of  copper  is  0.000598  ohm  per  meter-gram,  or  0,00681 
micro-ohm  per  centimeter  cube.  Accordingly  the  resistivity  as 
found  at  any  temperature  may  be  reduced  to  standard  temperature 
simply  by  adding  one  of  these  constants  multiplied  by  the  tem- 
perature difference.  These  constants  are  independent  both  of 
the  temperature  of  reference  and  of  observation,  and  also  inde- 
pendent of  the  sample  of  copper. 

3.  TBMPBRATX7RB    CORRBCTIOlf    VOR    BfiSASURBBCENTS    AGAINST    A    COPPER 

STANDARD 

When  a  determination  of  conductivity  involves  a  resistance 
measurement  against  a  copper  standard  at  the  same  temperature 
as  the  test  sample,  usually  no  temperature  correction  is  necessary. 
When,  however,  an  accuracy  of  o.oi  per  cent  is  striven  for,  it  is 
often  necessary  to  make  a  correction.  In  such  cases  the  meter- 
gram  resistivity  at  the  standard  temperature,  T,  is  obtained  by 
adding  to  the  meter-gram  resistivity  as  calculated  from  the 
resistance  comparison  at  /°,  the  quantity  [(/-T)  (S— SJ  (0.0039)]; 
in  which  S= meter-gram  resistivity  of  the  sample  and  S^^  quo- 
tient of  0.000598  by  the  temperature  coefficient  of  the  copper 
standard.  Similarly  the  centimeter  cube  resistivity  at  the  stand- 
ard temperature  is  obtained  by  adding  to  the  centimeter  cube 
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resistivity  as  cakulated  from  the  resistance  comparison  at  t^,  the 
quantity  [(^-T)  (p-pj  (0.0039)];  in  which  p«  centimeter  cube 
resistivity  of  the  sample  and  p^  =*  qiiotient  of  0.00681  by  the  tem- 
perature coefficient  of  the  copper  standard. 

4.  BFFXCT  OF  HARDBNIHG,  IMPUIMTIBS.  AND  DISTORTIOH  ON  THX  TBMPBRATURB 

COBFFICaifT 

A  conclusion  which  follows  from  the  results  is  that  the  resistance 
added  to  that  of  pure  copper  by  hardening  or  by  the  presence  of 
the  small  quantities  of  impurities  usually  found  in  refined  copper 
has  no  temperature  coefficient.  That  is,  when  the  resistance  of  a 
piece  of  copper  is  changed  by  the  addition  of  small  quantities  of 
impurities  or  by  hardening,  the  absolute  change  of  resistance  with 
temperature  is  unaffected,  while  the  percentage  change  of  resistance 
with  temperature  is  affected.  On  the  other  hand,  when  the 
resistance  is  changed  by  an  alteration  of  dimensions  the  absolute 
change  of  resistance  with  temperature  is  affected  and  the  per- 
centage change  of  resistance  with  temperature  is  not.  From  the 
latter  fact  may  be  drawn  a  practical  conclusion  concerning  the 
local  hardening  and  distortion  of  a  wire.  As  shown  above,  the 
ordinary  coiling,  winding,  and  bending  of  a  wire  may  increase  its 
resistance.  In  such  cases  there  arq  local  changes  of  dimensions 
which  are  much  more  effective  in  changing  the  resistance  than  the 
slight  hardening  caused^  and  thus  such  distortions  do  not  mate- 
rially affect  the  percentage  temperature  coefficient.  It  may 
therefore  be  assumed  without  serious  error  that  the  temperature 
coefficient  of  a  copper  wire  is  the  same  after  winding  on  a  machine 
6r  instrument  as  it  was  before.  Accordingly,  if  a  measurement  has 
been  made  of  either  the  conductivity  or  the  temperature  coefficient 
of  the  wire  before  winding  the  temperature  coefficient  may  safely 
be  assumed  to  be  known  after  winding  and  may  be  used  in  the 
calculation  of  temperature  rise. 

Although  the  agreement  of  the  values  for  C  indicates  that  it  is 
a  real  constant  for  copper,  there  are  still  variations  from  the  mean 
greater  than  the  experimental  error.  The  higher  values  of  C  are 
possibly  explainable  on  the  basis  of  local  distortions  of  the  samples, 
which  would  give  wrong  values  for  the  conductivity,  as  above. 


86  Bulletin  of  the  Bureau  of  Standards  iVoi.  7,  No.  i 

The  lower  values,  particularly  those  for  the  cathode  copper  and 
for  the  native  lake  copper,  are  not  explained.  Perhaps  all  the 
variations  are  due  to  diflFerences  in  the  treatment  of  the  metal,  or 
to  the  varying  eflFect  of  the  diflFerent  chemical  impurities  upon  the 
conductivity  and  temperature  coefficient. 

5.  THB  TEMPBRATURB  COBFTICIBNT  AS  A  MBASURBBfiSNT  OF  CONDUCTnOTT 

The  relation  between  conductivity  and  temperature  coefficient 
emphasizes  the  desirability  of  making  a  conductivity  test  on  sam- 
ples used  instead  of  assuming  values.  It  also  indicates,  however, 
that  the  conductivity  test  can  be  replaced  by  a  measurement  of 
the  temperature  coefficient.  It  is  often  easier  to  measure  the 
resistance  between  two  fixed  points  on  a  sample  at  two  known 
temperatures  and  thus  obtain  the  temperature  coefficient  than  to 
measure  the  specific  resistance,  which  is  in  a  sense  an  absolute 
measurement.  A  value  can  thus  be  obtained  for  the  conductivity 
which  is  reliable,  according  to  the  present  results,  within  one-half 
per  cent.  Four  particular  cases  suggest  themselves  in  which  the 
measurement  of  temperature  coefficient  has  considerable  advan- 
tage over  a  conductivity  measurement. 

(a)  Odd  shapes. — Unless  a  uniform  sample  can  be  prepared, 
the  determination  of  conductivity  directly  is  hopeless.  Through 
the  temperature  coefficient,  the  conductivity  may  be  known  for  a 
specimen  of  any  shape,  without  the  danger  of  altering  its  proper- 
ties by  the  preparation  of  a  uniform  sample. 

(6)  Short  samples. — For  very  short  samples,  the  difficulty  of 
measurement  of  the  dimensions  and  the  possible  uncertainty  of 
the  current  distribution  limit  the  use  of  conductivity  measure- 
ment. Neither  objection  applies  to  the  determination  of  the 
temperature  coefficient. 

(c)  Wires  that  have  been  distorted  or  bent. — ^As  shown  above, 
the  apparent  conductivity  of  a  wire  that  has  once  been  distorted 
by  bending  is  incorrect,  while  such  treatment  does  not  materially 
affect  the  temperature  coefficient  or  the  real  conductivity.  The 
temperature  coefficient,  therefore,  gives  the  real  conductivity 
better  in  such  cases  than  does  a  direct  measurement  of  the  con- 
ductivity. 
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(d)  The  estimation  of  chemical  purity. — ^The  use  of  conduc- 
tivity as  a  criterion  of  chemical  purity  is  familiar.  Evidently  the 
temperature  coeflBcient  is  fully  as  reliable  a  criterion  as  the  con- 
ductivity, and  is  more  generally  applicable,  and  is  often  an  easier 
test  to  apply  than  either  the  conductivity  or  chemical  determina- 
tions. Indeed,  the  temperature  coefficient  is  used  as  a  criterion 
of  purity  in  the  selection  of  platinum  for  platinum  thermometers. 
It  is  also  interesting  to  know  that  the  temperature  coefficient  is 
used  commercially  as  a  criterion  of  purity  for  some  of  the  metals 
used  in  incandescent  lamp  manufacture;  it  is  the  most  delicate 
test  available  of  some  of  the  desirable  properties  of  the  pure 
material,  surpassing  even  the  chemical  tests,  which  are  much 
more  laborious. 

6.  BZPLAlf  ATIOn  OF  DISAORBBMXRTS  OF  PSBVIOX78  OBSSRVXB8 

We  now  have  an  explanation  of  the  disagreements  of  the  results 
of  previous  observers,  aside  from  the  errors  of  their  measurements. 
For  example,  one  of  the  most  carefully  established  previous 
values,  that  adopted  by  the  American  Institute  of  Electrical  Engi- 
neers, was  the  result  of  over  100  determinations  made  by  Messrs. 
Robinson  and  Holz,  of  the  General  Electric  Company.  They 
found  variations  in  the  value  and  considered  0.0042  as  the  best 
that  could  be  done  in  assigning  a  mean.  As  may  be  seen,  the  same 
conclusion  could  be  reached  from  the  data  of  this  paper  if  the 
temperature  coefficient  only  were  considered.  0.0042  is  the  tem- 
perature coefficient,  or^,  for  copper  of  conductivity  equal  to  98.3 
per  cent.  If  it  is  used  for  a  sample  whose  conductivity  is  100  per 
cent,  the  error  of  the  computed  value  at  100®  C  is  over  one-half 
per  cent.  (If  the  French  coefficient  is  used  in  a  similar  case,  the 
error  is  2  per  cent.)  It  is  interesting  to  notice  that  the  A.  I.  E.  E. 
temperature  coefficient  happens  to  correspond  very  closely  to  98 
percent  conductivity,  which  has  been  the  conductivity  usually 
specified  for  annealed  copper  on  purchases  in  this  country. 
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7.  VALUES  SUOOBSTED  FOR  ANNEALED  AND  HARD-DRAWN  COPPER 

According  to  the  results  of  an  investigation  now  being  carried 
out  at  the  Bureau  of  Standards,  a  fair  value  to  assume  fol"  the  con- 
ductivity of  good  commercial  annealed  copper  wire  (in  cases  where 
assumption  is  unavoidable)  is  100  per  cent,  for  which 

nr^  =0.00428,  a'i5  =  0.0040i2,  Q'm  ==  0-00394i  ^.nd  a„  =0.00386 

This  value  would  usually  apply  to  instruments  and  machines, 
since  they  are  generally  wound  with  annealed  wire.  Similarly, 
the  conductivity  of  good  commercial  hard-drawn  copper  wire  may 
be  taken  as  97.3  per  cent,  for  which 

aro=o.oo4i5,  «i6=o.oo39i,  rt'2o=ooo383i  and  «r,5=o.oo376 

IV.  THB  ICATHEICATICAL  EXPRESSION  OF  THE  TEMPERATURE 

COEFFICIENT 

The  simple  mathematical  relations  between  the  different  meth- 
ods of  expressing  the  temperature  coefficient  are  sometimes  con- 
fused; it  is  therefore  thought  desirable  to  include  a  discussion  of 
them  in  this  paper. 

1.  ON  GENERAL  FUNCTIONS  OF  TEMPERATURE 

The  law  expressing  any  variation  with  temperature  may  be 
written: 

Ri-Rrfit)  (l) 

in  which  R^  is  a  constant,  T  being  some  standard  temperature. 
The  "temperature  coefficient  at  tj  °,"  a^^,  is  defined  in  the  most 

general  way  by  the  following  equation : 

This  equation  applies  to  any  variation  with  temperature,  whether 
linear  or  not. 
From  (i)  and  (2), 


D€iUnger]  Temperature  Coefficient  of  Copper  89 

Hence,  if  we  know  f  (t) ,  we  can  calculate  the  temperature  coeflB- 
cient  at  any  temperature,  f (t)  can  usually  be  put  in  the  form  of 
a  series  of  ascending  powers  of  t,  so  that  the  calculation  of  otf^ 
is  simple.     This  quantity,  a^t^  is  then  usable   in   calculating  the 

value  of  R  for  temperatures  close  to  the  temperature  of  reference, 
tj,  (and  is  not,  in  the  general  case,  applicable  to  temperatures  far 
from  tj.     Thus,  from  (2), 

(dR),^^a,^R,^dt  (4) 


Hence,  for  t  not  far  from  ti 


[Rt-Ri.-^ot.^Rt.lt-t,]  (5) 

Ri-^RtSi-^^tJi-tr])  (6) 


(6)  and  (3)  enable  us  to  apply  a  simple  linear  computation  to  any 
variation  with  temperature  for  small  temperature  differences. 
Case  I.    Linear  temperature  coefficient, — The  law  of  variation 

with  temperature  is 

Rt-R.ii'^aji)  (7) 

or,  f(t)^i+a^  (8) 

Hence,  from  (3)  and  (8), 

"••  ■  177.  <■"» 

Now,  since  -j-  =  constant  =    ^"^  .'^ 

dt  t^t^ 

.-.  from  (2) 

Rt-  Rt^ 

.-.    i?i-i?i,(i-far,,p-a  (11) 

It  is  to  be  noted  that  (11)  is  the  same  as  (6),  except  that  (11)  has 
not  the  restriction  that  t  be  not  far  from  tj.     We  see  from  (11) 
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that  any  temperature  may  be  used  as  standard  temperature  •  as 
well  as  0°  [as  in  (7)],  and  still  the  form  of  f(t)  be  tmchanged.  Thus, 
corresponding  to  (10),  we  have 


Oli 


(12) 


by  means  of  which  we  can  obtain  the  ture  coefficient  attempera 
any  temperature  directly  from  its  value  at  any  other  temperature. 
It  is  sometimes  convenient  to  use  (12)  in  the  form 

^«,=^i,-«i^ai-0+«'«S  ^1-^)'-   •  •    •     (13) 

The  temperature  coefficient  of  resistance  of  copper  is  linear 
within  practical  limits  of  accuracy  and  of  temperature,  and  the 
above  formulas  apply  to  it.  As  has  been  shown  in  this  paper,  the 
temperature  coefficient  varies  for  different  samples  of  copper,  and 
a  relation  of  temperature  coefficient  to  conductivity  has  been 
found.  We  may  now  write  a  formula  giving  the  temperature 
coefficient  for  a  sample  of  copper  of  any  conductivity  and  at  any 
temperature  of  reference.  Denoting  percent^  conductivity,  ex- 
pressed decimally,  by  n,  our  experimental  result  is 

^20  =  w  (0.00394)  (14) 

J_ (15) 


^«i- 


n  (0.00394) 


+  (^  -  20) 


The  table  given  on  page  81  was  calculated  by  (15).  As  pointed 
out  on  page  82,  the  change  of  resistivity  per  degree  change  of 
temperature  is  independent  of  the  temperature  of  reference  and 
of  the  sample  of  copper.  Hence,  for  reducing  resistivity  from  one 
temperature  to  another  no  formulas  are  needed.  Formulas  (14) 
and  (15)  are,  of  course,  intended  to  apply  only  to  the  kinds  of 
copper  and  the  temperature  range  of  this  paper  and  are  believed 
to  be  reliable  within  one-half  per  cent. 

•The  terms  should  not  be  confused:  "Temperature  of  reference **=ti= tempera- 
ture at  which  we  compute  a  temperature  coefficient.  ''Standard  temperature" 
=T= temperature  in  terms  of  which  f(t)  is  expressed,  Eq.  (i). 
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Case  11.  Two-term  temperature  formula, — This  is  the  case  of 
many  resistance  materials,  of  which  manganin  is  an  important 
example.     The  law  of  variation  with  temperature  may  be  written ; 

Rt^Rr  {i-\-aT[t-T]'¥bT[t-TY)  (16) 

or, 

/(0-i+ar[/-r]-f6r[^-Tp  (17) 

From  (3)  and  (17), 

In  the  case  of  manganin,  a  and  6  are  very  small  quantities,  o^ 
being  usually  between  —0.000  01  and  +0.00003,  and  6  between 
—0.000000  3  and  —0.000000  5;  hence  we  may  neglect  the  de« 
nominator  in  (18)  and  write 

«^«i  =  ar  +  26r  {t^-T)  (19) 

Also, 

By  means  of  (20)  we  can  obtain  the  temperature  coeflBcient  at  any 
temperature  directly  from  its  value  at  any  other  temperature. 

Case  III.  Reciprocal  two-term  formula. — ^This  is  the  case  of 
Matthiessen's  formula  for  the  temperature  coefficient  of  copper. 
The  law  of  variation  with  temperature  is: 

Rt  I  X         V 


or 


From  (3)  and  (22), 


-A-  2Bt,  ,    , 


The  values  of  A  and  B  in  Matthiessen's  formula  for  copper  are 
—0.0038701  and  +0.000009009,  respectively.  Substituting  these 
values  in  (23) ,  we  find  for  a^  and  a^: 

flTo-  +0.003870,  flfjo=  +0.003789  (24) 
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"  Matthiessen's  temperature  coefficient  for  o®  to  20®/'  as  given 
on  page  70,  is  quite  a  different  thing  from  the  temperature  coeffi- 
cient at  a  given  temperature,  as  above  discussed.  The  value  there 
considered  (page  70)  is  simply: 

Rtn  —  /Vft  Rt 


«(o  to  ao)«  =     ^--j^'^  =  -^  =  +0.003984 


I       " 


"("*•* ''')»-%:^'=  --A.= +0.003690 

This  pair  of  values  simply  reduces  from  0°  C  to  20°  C  and  from  20® 
C  to  o**  C  and  applies  to  no  other  temperature  interval.  Not  only 
is  the  use  of  this  temperature  coefficient  thus  restricted,  but  the 
temperature  coefficient  at  particular  temperatures,  as  calculated 
in  (24),  is  restricted  to  infibtiitesimal  temperature  differences; 
accordingly  we  see  that  it  is  impossible  to  use  Matthiessen's 
formula  in  general  without  employing  the  awkward  form  in  which 
it  is  expressed. 

2.  CALCULATION  OF  LINSAR  TSMPERATURB  COSFFICDUTT  FROM  OBSBRVATIONS 

^«i  fi^om  observations  at  t^  and  one  other  temperature^  t. 
From  (11), 

ofij  from  observations  at  any  two  temperatures,  t  and  s. 
Applying  (25),  we  deduce 

Rt  —  Rg  /  ^\ 

'*  Differential  an'*  from  observations  at  /^  and  one  other  tempera- 
ture, t.  The  ''differential  at/'  is  the  temperature  coefficient 
obtained  when  a  copper  sample  is  measured  against  another  in 
the  same  bath  and  thus  undergoing  the  same  variations  of  tem- 
perature.    It  is  simply  the  difference  of  the  temperature  coeffi- 
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cients  of  the  two  samples.     Thus,  using  a'  and  R'  for  one  sample, 
and  a  and  R  for  the  other, 

/    __  ^  t  —  R  ti        Rj  —  ^ti      Rt     Rji 

Let  r  denote  the  quantity  ^,  which  is  measured  in  each  case. 

R 

*'  DifferetUicd  a^**  from   observations  at  any  two   temperatures,  t 

and  s.     When  a\^  and  or^^  are  nearly  the  same,  as  is  the  case  with 

samples  of  refined  copper,  the  following  approximation  applies, 
deduced  from  (26), 

[The  differential  method  of  determining  temperature  coefl&cients 
is  applicable  to  any  form  of  temperature  variation.  Applied  to 
the  measurement  of  the  temperature  coefficients  of  manganin 
resistance  standards,  it  has  been  in  use  for  several  years  at  the 
Bureau  of  Standards.  The  computations  are  facilitated  by  the 
fact  that  the  observed  resistance  changes  are  small,  and  only  a 
low  accuracy  is  required  in  the  measurement  of  temperature.] 

a.  BnXCT  OF  THBRICAL  BZPARSIOIV  IN  THB  XZPRBSSION  OF  THE  UNSAR  TXMPSR- 

ATURB  COBFTICIBHT 

The  temperature  coeflScient  of  resistance  is  measured  by  obser- 
vations of  resistance  and  temperature.  Since  the  dimensions 
change  with  temperature,  evidently  the  temperature  coefficient 
of  resistivity  or  specific  resistance  can  not  be  directly  obtained. 
As  it  is  sometimes  desirable  to  express  these  temperature  coeffi- 
cients, the  relations  are  given  here. 

The  temperature  coefficient  considered  up  to  this  point  is  that 
ordinarily  used;  it  is  the  temperature  coefficient  of  resistance  as 
58397**—" ^7* 
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meastired  between  potential  terminals  rigidly  attached  to  the 
wire  (such  as  the  soldered  terminals  used  in  the  work  of  this  paper) . 
It  may  be  defined  by  Eq.  (7) ,  viz : 

Rt^R,{i+a,i)  (7) 

and  may  be  called  the  ''constant  mass'*  temperature  coefficient  of 
resistance. 

We  shall  now  use  a  new  set  of  subscripts  for  «,  using  0°  as  the 
standard  temperature  throughout.     Let : 

a^  ^''constant  mass'*  temperature  coefficient  of  resistance. 

ttp  =**  constant  volume  "  temperature  coefficient  of  resistivity. 

a^   =  temperature  coefficient  of  meter-gram  resistivity. 

flfjK  '^^'^ knife-edge  *'  temperature  coefficient  of  resistance. 

1    =  length. 

s  =  sectional  area. 

Rs 
p  =  resistance  per  cm  cube  =  -r— 

m  »mass 

Rm 


8  =  resistance  per  meter-gram  = 


10  oool* 

7  =  coefficient  of  linear  expansion. 
Rewriting  (7),  which  defines  the  ''constant  mass'*  temperature 
coefficient  of  resistance^ 

Rt--Roii  +  ot^t)  (29) 

The  "constant  volume"  temperature  coefficient  of  resistivity  may 
be  defined  by: 

Pt^Po(^  +  ot/)  •  (30) 

Now,  R^^P^^p^(^i  +  a^)h^PJo(i  +  ^jt){l--yJ^ 

St  Jj        So 

where  7^  is  the  coefficient  of  linear  expansion  of  the  wire.     Since 
7  is  a  very  small  quantity  we  may  write: 

Rt-Roii  +  l^.-yf^t)  (31) 

From  (29)  and  (31), 

«K««#-7i.  (32) 
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The   temperature  coefficient  of   meter-gram   resistivity  may   be 
defined  by: 

Sr««o(l  +  ^^.0  (33) 

XT  r>        10  000  Bill*        lOOOO  iJo*,.   ,        js  /     .  ,% 

Now,  J?, (I  +  a,t)  (I  +  27W) 

m  m 

.•./?!  =  Roil  +  [nr,  +  27J/)  (34) 

From  (29)  and  (34), 

«^ii  =  ^*  +  27»  (35) 

The  ** knife-edge'*  temperature  coefficietU  of  resistance,  a^,  is 
that  measured  between  knife-edges  mounted  on  some  support. 
The  result  obtained  depends  on  the  material  of  the  support,  a^ 
is  therefore  not  a  true  property  of  the  metal,  but  the  difference  is 
very  small,  nr^  may  be  defined  by  the  following  equation,  /  repre- 
'  senting  length  in  terms  of  the  distance  between  the  knife  edges. 

Now,  2?i  =  (y^/.  =  (f  )./o(l  +  «x/)  (l  +  [7i.-7*]0, 

where  75  is  the  coefiicient  of  linear  expansion  of  the  base  which 
supports  the  knife  edges. 

.'.Rt^Ro  (i+K+7«-7^W  (37) 

From  (29)  and  (37), 

aR  =  «K  +  7w-'yb  (38) 

If  the  base  which  supports  the  knife  edges  is  made  of  the  same 
metal  as  the  wire  under  observation,  (38)  becomes 

^R  ==  ^K  (39) 

If  the  base  is  made  of  some  material  whose  length  does  not  change 
with  temperature,  such  as  invar,  (38)  becomes 

««««K  +  7w  (40) 


96  Bulletin  of  the  Bureau  of  Standards  iVoi.  7,  no.  i 

These  values  of  a^  and  a^  are  intermediate  between  the  values  of 
a^  and  a^.  a^  and  a^  are  quantities  which  can  be  directly  meastired ; 
a^  and  a^  are  calculated  from  one  of  them.  The  four  values  are 
defined  in  (29),  (30),  (33),  and  (36),  and  their  interrelations  are 
given  m  (32),  (35),  and  (38). 

The  four  a's  are  identical  for  most  practical  purposes;  e.  g.,  for 
an  a^  of  copper  equal  to  0.00428,  a^  (which  is  the  a  farthest  different 
from  a^  =0.00425.  These  differences  in  the  a's  are  very  much 
less  than  the  variations  among  different  samples  and  different 
temperatures  of  reference.  When  precision  work  requires  that 
one  of  the  four  a's  be  specified,  the  Bureau  of  Standards  prefers 
the  use  of  a^,  which  is  that  directly  measured  when  soldered 
potential  terminals  are  used,  and  most  nearly  corresponds  to 
practical  use. 

v.  SUMMARY 

1.  The  foregoing  investigation  shows  that,  for  representative 
samples  of  the  copper  at  present  furnished  for  electrical  use,  the 
conductivity  and  temperature  coefficient  are  proportional^  to  a  high 
degree  of  acciu-acy  for  differences  in  physical  condition,  and  to  a 
fair  accuracy  for  differences  in  chemical  composition  of  samples. 

2.  This  relation  may  be  put  in  the  following  very  convenient 
form  for  reducing  the  results  of  resistivity  measurements  to  a 
standard  temperature:  The  change  of  the  resistivity  per  degree  C  of 
a  sample  of  copper  is  0,000598  ohm  per  meter-gram,  or  0.00681 
micro-ohm  per  centimeter  cube. 

3.  The  distortions  caused  by  bending  and  winding  a  wire  are 
shown  to  produce  no  material  change  in  the  temperature  coeffi- 
cient; so  that  the  temperature  rise  in  machines  and  instruments 
may  be  calculated  from  measurements  of  the  resistance  of  the 
windings  with  greater  confidence  than  heretofore. 

4.  The  measurement  of  temperature  coefficient  is  shown  to 
present  an  advantageous  substitute  for  the  direct  measurement  of 
conductivity  in  a  number  of  cases. 

5.  A  discussion  is  given  of  the  mathematical  relations  between 
the  different  methods  of  expressing  the  temperature  coefficient. 

Washington,  July  12,  1910. 
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The  bureau  has  just  received  from  Doctor  Warburg,  president  of 
the  Physikalisch-Technische  Reichsanstalt,  Germany,  a  table  of 
results  on  resistivity  and  temperature  coeflBcient  of  copper  samples. 
This  table  was  prepared  by  Professor  Lindeck  in  February,  1910, 
but  has  not  been  published.  These  results  ftimish  a  remarkable 
corroboration  of  those  obtained  here,  and  permission  has  been 
kindly  given  to  publish  them  herewith.  They  represent  measure- 
ments made  over  a  period  of  five  years  on  various  forms  of  copper 
samples.  They  are  of  especial  interest,  as  they  include  a  great 
range  of  conductivity.  The  table  is  given  below,  Table  III.  The 
results  have  also  been  reduced  to  the  same  form  of  expression  as 
the  preceding  data  of  this  paper,  and  as  thus  reduced  are  given  in 
Table  IV,  in  the  same  order  as  in  Table  III. 

TABLE  III 

Results  obtamed  on  the  resistivity  and  temperature  coefficient  of  copper 

at  Hie  Reichsanstalt 


RMtatiiicet«st 
He. 

Form  of 
mecimen 
(W-win) 

(S-BhMl) 

(T-tmUef) 
(C~c«blo) 

CxQMMctkm 

• 

Density, 
d 

coelHeianl  at 

wc. 

SpMillc 

riMhince; 

oliiii*  nMtof  t 

■q.  mm.  at  15 'C, 

Pndiscl 

(<yu)  (/>'!»)  (10)» 

1-1905 

C  12 

40. 

8.909 

0.00400 

O.OI687 

675 

C  19 

40. 

8.92a 

402 

168s 

677 

5-1905 

C37 

400. 

8.89s 

401 

168. 

677 

43-1905 

T 

60.96 

8.88s 

393 

172. 

679 

9S-1905 

W 

0.379 

8.85s 

395 

169i 

668 

W 

1.751 

8.881 

402 

168s 

679 

w 

3.703 

8.92s 

399 

I687 

673 

w 

12.54 

8.894 

400 

168s 

675 

143-1905 

w 

1J34 

8.82s 

393 

174j 

687 

1-1906 

C19 

95. 

8.9I1 

395 

170i 

672 

43-1906 

C  19 

50. 

8.82s 

394 

173t 

685 

7»-1906 

8 

15.X4 

8.854 

134 

522s 

701 

S 

15.X2 

8.860 

135 

5194 

701 

137-1906 

W 

0.8281 

8.944 

293 

228s 

669 

w 

0.8295 

8.94s 

291 

2294 

668 

138-1906 

w 

7.113 

8.84« 

393 

173. 

683 

w 

7.170 

8.876 

404 

I681 

680 
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TABLE  III— Continued 

Results  obtained  on  the  resistivity  and  temperature  coefficient  of  copper 

at  the  Reichsanstalt 


SMillBDMCMt 

No. 

Fwmrt 

(S-ihMt) 
(T-trDll«ir) 
(C-ciblo) 

Density, 
d 

TMMttsttm 

WC, 
O-is 

Specttc 
ntfataiiM; 

Ohflli  BlOtOf  t 

■q.mm.atl5'C, 

Pfodnct 

(O-u)  (P'u)  (W 

200-1906 

C  19 

1023 

(8J8») 

0.00396 

0.0171 

•  •  • 

W 

so^ 

8.90« 

399 

169i 

676 

W 

37  Jl 

8.89s 

398 

171s 

681 

• 

W 

28^ 

8.881 

401 

169s 

680 

W 

iZM 

8.91« 

370 

182i 

674 

36-1907 

w 

24.85 

8.86« 

397 

171s 

682 

w 

24.85 

8.86» 

395 

171s 

679 

36-1907 

w 

24.81 

8.87f 

395 

1714 

677 

w 

24.86 

8.861 

396 

171s 

680 

w 

24.87 

8.85c 

396 

1724 

682 

w 

25.28 

8.86« 

389 

172s 

670 

w 

24J9 

8.86« 

392 

171s 

673 

w 

25.03 

8.861 

397 

172s 

684 

w 

25.34 

8.86« 

396 

171s 

681 

w 

25.21 

8.861 

396 

1724 

683 

192-1907 

w 

0.8043 

8.881 

407 

167s 

683 

74-1906 

w 

25.34 

8.861 

389 

175i 

681 

77-1906 

w 

35.70 

8.85t 

401 

170ft 

684 

79-1906 

w 

19.64 

8.91f 

388 

173t 

674 

w 

17.40 

8.91s 

291 

2354 

685 

w 

19.53 

8.91s 

259 

269s 

697 

w 

20.56 

8.89« 

316 

2154 

681 

w 

3.264 

8.92s 

394 

17Qk 

672 

w 

7.332 

8.93s 

289 

235s 

681 

w 

7.249 

8.91t 

281 

241s 

679 

w 

7J17 

8.89i 

282 

241i 

680 

3-1909 

w 

0.7836 

8.93i 

203 

337s 

686 

w 

0.7821 

8.92s 

200 

3414 

683 

11-1909 

8 

60.X5 

•  ■  «  • 

149 

4754 

708 

12-1909 

w 

78.59 

8.924 

396 

169i 

670 

w 

78J7 

8.92s 

397 

169i 

672 

3S-1909 

w 

0.7667 

8.92s 

230 

299r 

689 
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The  mean  value  of  C,  Table  IV,  for  the  48  samples  is  0.003950. 
For  the  34  samples  of  conductivity  above  94%,  the  mean  value 
of  C  is  0.00393,.  This  agrees  very  well  with  the  mean  value 
0.003938  foupd  in  the  present  investigation,  in  which  all  of  the 
samples  were  of  conductivity  above  94%.  For  the  14  Reichsan- 
stalt  samples  of  low  conductivity,  varying  from  32.8%  to  92.5%, 
C  varied  irregularly  between  0.00390  and  0.00406.  The  maximum 
departure  from  the  mean  value,  0.00394,  is  seen  to  be  3%,  a 
remarkably  dose  agreement  for  such  a  wide  range  of  conductivity. 
This  is  of  particular  interest  to  those  who  worlc  with  impure 
copper  of  low  conductivity.  For  this  restdt  shows  that  the  meas- 
urement of  conductivity  may  be  replaced  by  the  measurement  of 
temperature  coefficient,  with  an  accuracy  sufficient  for  comimercial 
purposes,  even  when  the  conductivity  is  as  low  as  one-third  that 

TABLE  IV 
Reichanstalt  results  reduced  to  the  form  of  expression  used  in  Table  I 


al20*C, 

TMBMntim  cocffldtnt 
•t  20*  C, 

C 

• 

ni 

a» 

.15313 

99.93 

0.00392t 

0.00392s 

.1532S 

99.85 

394i 

394t 

.1S319 

99  J9 

393i 

393s 

.15649 

97.78 

385« 

394i 

.15287 

100.10 

387. 

386s 

.15299 

100.02 

394i 

394s 

.15352 

99.68 

39I1 

392s 

.15312 

99.94 

392« 

392« 

.15716 

97.37 

3854 

395. 

.15466 

98.94 

387i 

3914 

.15651 

97.77 

386« 

395t 

.46588 

32.85 

133i 

40Sfl 

.46318 

33.04 

134i 

405s 

.20718 

73.86 

288. 

391« 

J0814 

73.52 

286. 

390i 

.15672 

97.64 

3«4 

394; 

.15227 

100.49 

396i 

394» 

.15492 

98.77 

388a 

393i 

.15373 

99.54 

391i 

393s 

.15506 

98.69 

390i 

395« 

.15364 

99.60 

393i 

394; 

.15535 

92.54 

363s 

392« 

.15534 

98.51 

389s 

395fl 

.15536 

98.50 

387s 

393s 

lOO 


BuUetin  of  the  Bureau  of  Standards 

TABLE  IV 


{Vol,  7.  No,  I 


Reichanstalt  results  reduced  to  the  form  of  expression  used  in  Table  I 


Olims  per  metergnan 
at20*C, 

9» 

Parcent  oonducttvlty* 

Tompfintim  ooofflcimt 
•t  20*C, 

C 

.15S16 

98.62 

0.00387s 

0.003927 

.1S534 

98.51 

388s 

394i 

.15567 

98.30 

388i 

395t 

.15575 

98.25 

381« 

3884 

.15531 

98.53 

384t 

390i 

.15558 

98.36 

389i 

395. 

.15543 

98.45 

S88s 

3944 

.15582 

98.20 

388s 

395i 

.15214 

100.58 

398f 

396f 

.15816 

96.75 

38U 

394« 

.15400 

99.36 

393i 

395s 

.15776 

97.00 

380< 

3924 

.21292 

71.87 

286t 

399i 

.24315 

62.93 

2557 

406s 

.19457 

78.65 

311i 

39Sft 

.15523 

98.58 

3864 

392« 

.21329 

71.74 

284» 

397, 

.21865 

69.98 

277i 

396t 

.21745 

70.37 

278i 

395s 

.30471 

50.22 

200, 

400. 

.30752 

49.76 
99.32 

198« 
388i 

397t 

.15407 

391t 

.15392 

99.42 

389s 

391« 

.27059 

56.55 

2274 

402i 

(p'»)(<')+0.00299 

0.153022 

H-5«u 

C- 

of  pure  copper.  It  might  be  mentioned  that  Lagarde,'  in  i888, 
found  that  for  samples  composed  of  98%  copper  and  2%  tin, 
whose  conductivity  was  one-third  that  of  pure  copper,  the  con- 
stant, C,  was  within  7%  of  C  for  pure  copper. 

While  all  of  the  foregoing  restdts  for  C,  on  samples  of  very  low 
up  to  the  highest  conductivity,  show  a  good  agreement  to  com- 
mercial accuracy,  the  range  of  94%  to  101%  conductivity  is 
found  at  the  Bureau  of  Standards  to  show  a  much  closer  agree- 
ment.    For  this  range,  which  includes  the  good  commercial  copper 

^Ann.  T6I.  15,409;  1888. 
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furnished  for  use  as  electrical  conductors,  the  average  deviation 
of  C  from  the  mean  value  0.00393,  is  only  0.00000^,  or  0.2%. 
Also,  when  the  conductivity  and  temperature  coefficient  are 
altered  by  annealing  or  hard-drawing,  C  has  been  found  to  remain 
constant  within  the  experimental  error. 

Attention  is  called  to  the  column  of  densities  in  the  table  of 
results  obtained  at  the  Reichsanstalt.  The  mean  value  is  8.890. 
This  is  the  same  as  the  value  in  use  in  the  Bm'eau  of  Standards 
and  very  widely  elsewhere.  It  is  hoped  that  this  agreement  in 
the  results  for  temperature  coefficient  and  density  will  assist  in 
making  possible  an  early  international  agreement  on  copper 
standards. 

Washington,  November  29,  19 10. 
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I.  INTRODUCTION 

The  values  in  use  for  the  conductivity,  resistivity,  and  tempera- 
ture coefficient  of  copper  vary  considerably.  The  standard  val- 
ues for  annealed  copper  as  used  by  various  institutions  in  different 
countries  are  given  in  Table  I,  on  the  adjoining  page: 

1.  NOTES  ON  TABLB  OF  STANDARD  VALUES 

The  values  given  in  the  table  for  the  various  temperatures  are 
computed  from  the  values  at  the  particular  standard  tempera- 
ture, which  are  indicated  by  heavy-faced  type.  In  each  column 
the  temperature  coefficient  of  that  column  is  used  in  computing 
the  resistivity  in  ohms  per  meter-gram  at  the  various  temperatiu-es. 

The  data  for  the  English  values  (col.  i)  were  obtained  from  the 
report  of  the  Engineering  Standards  Committee,  August,  1904. 

The  values  for  ''Normal  Kupfer"  (col.  2)  were  computed  from 
the  data  given  in  E.  T.  Z.  17,  402;  1896,  and  ''Normalien,  etc., 
d.  Verbandes  Deutscher  Elektrotechniker,'*  1907,  page  68.  The 
value  for  conductivity  given  was  reduced  to  meter-gram  resis- 
tivity by  the  use  of  the  density  given  as  standard,  8.91.  The 
values  in  column  3  are  calculated  on  the  assumption  of  a  density 
of  8.89.     The  German  '*  Normal  Kupfer  "  is  in  use  also  in  Austria. 

The  Matthiessen  value  as  computed  by  Lindeck  (col.  4)  is 
based  on  the  data  given  in  C.  Hering's  "Conversion  Tables" 
(John  Wiley  and  Sons,  N.  Y.,  1904),  page  104,  and  was  reduced 
to  the  meter-gram  basis  on  the  assumption  of  the  density,  8.89, 
and  Matthiessen's  temperature  formula. 

The  values  which  were  adopted  by  the  American  Institute  of 
Electrical  Engineers  in  1893  are  given  m  col.  5.  They  were 
derived  from  the  results  Matthiessen  published  in  1862.  (The 
o®  and  20®  meter-gram  values  are  equivalent  to  1.59425  and 
1.72 1 28  micro-ohms  per  cm  cube,  respectively).  In  1908  Mat- 
thiessen's  temperature  formula  was  dropped  by  the  A.  I.  E.  E. 
and  the  linear  temperature  coefficient  of  0.0042  at  6^  C  was 
adopted  (col.  6) ;  this  vitiated  the  old  wire  table  of  the  Institute ; 
and,  as  the  o®  value  of  the  resistivity  was  retained,  the  resistivity 
at  all  other  temperatures  was  altered.  The  20®  value  of  the 
resistivity  was  retained  by  the  Bureau  of  Standards  (since  the 
measurements  of  Matthiessen  at  20°  C  were  probably  at  least  as 
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reliable  as  those  at  lower  temperatures;  and  since  the  20®  value 
was  the  one  in  practical  use  even  on  the  old  basis) ;  and  the  tem- 
perature coefficient  of  0.0042  at  o^  C  was  adopted  (col.  7) . 

Since  a  more  accurate  value  for  the  temperature  coefficient  has 
been  obtained  at  the  Bureau  of  Standards,  it  has  been  applied  to 
give  the  values  in  coL  8,  which  represent  the  present  practice  of 
the  Bureau. 

3.  SCOPE  OF  THIS  INVESTIGATION 

The  foregoing  table  makes  evident  the  need  for  data  to  be  used 
in  establishing  more  reliable  standard  values.  The  matter  of 
obtaining  such  data  having  been  submitted  to  the  Bureau  of 
Standards  by  the  American  Institute  of  Electrical  Engineers,  an 
investigation  has  been  made  of  the  copper  furnished  for  electrical 
uses.  The  cooperation  of  a  ntunber  of  the  important  refiners 
and  manufacturers  of  copper  wire  was  secured.  These  companies 
furnished  samples  for  measurement  and  information  regarding 
their  material  and  their  practices.  Incidental  to  the  investiga- 
tion of  copper  it  was  thought  desirable  to  secure  some  data  on 
aluminum,  and  accordingly  the  cooperation  of  the  chief  pro- 
ducer of  aluminum  was  also  secured.  The  companies  whose  mate- 
rial was  represented  in  the  investigation  were  the  following: 

Calumet  and  Heda  Smelting  Works,  Hubbell,  Mich. 

Quincy  Mining  Co.,  Hancock,  Mich. 

Buffalo  Smelting  Works,  Buffalo,  N.  Y. 

American  Smelting  and  Refining  Co.,  Maurer,  N.  J. 

The  Baltimore  Copper  Smelting  and  Rolling  Co.,  Baltimore,  Md. 

The  U.  S.  Metals  Refining  Co.,  Chrome,  N.  J. 

Raritan  Copper  Works,  Perth  Amboy,  N.  J. 

Nichols  Copper  Co.,  Laurel  Hill,  N.  J. 

A.  Grammont,  Pont-de-Ch6ru]^  France. 

'American  Brass  Co.,  Waterbury,  Conn. 

John  A.  Roebling's  Sons  Co.,  Trenton,  N.  J. 

Standard  Underground  Cable  Qo.,  Perth  Amboy,  N.  J. 

Heddemheimer  Kupferwerk  und  Sflddeutsche  Kabelwerke,  Frankfurt 

am  Main,  Germany. 
Kabelfabrik-und  Drahtindustrie-Actien-Gesellschaft,  Vienna,  Austria. 


Smelters 


Electrolytic 
Refiners. 


Wire     Manu- 

* 

facturers. 


Aluminum 
Wire  Manu- 
facturer. 


Aluminum  Company  of  America,  Pittsburg,  Pa. 


Eleven  of  these  companies  kindly  ftimished  samples  and  infor- 
mation at  the  request  of  the  Bureau  of  Standards,  and  the  Bureau 
desires  hereby  to  express  its  thanks  and  appreciation  for  their 
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assistance.  Samples  of  the  products  of  the  other  four  companies 
were  obtained  in  other  ways.  Particular  thanks  is  due  Mr.  W.  H. 
Bassett,  of  the  American  Brass  Company,  who  has  taken  great 
interest  in  the  work,  and  who  has  contributed  a  valuable  set  of 
data  on  conductivity ;  and  to  Mr.  Wm.  Hoopes,  of  the  Aluminum 
Company  of  America,  who  furnished  valuable  data  on  aluminum ; 
and  to  Mr.  £.  A.  C.  Smith,  of  the  Baltimore  Copper  Smelting 
and  Rolling  Company,  who  supplied  valuable  information  and  a 
quantity  of  specially  refined  cathode  copper.  The  authors  desire 
also  to  express  their  appreciation  of  the  assistance  of  Mr.  E.  £. 
Weibel,  who  made  some  of  the  measurements. 

A  considerable  number  of  the  most  important  refiners  and  manu- 
facturers of  copper  wire  in  this  country  are  included  in  the  above 
list;  Germany,  France,  and  Austria  are  each  represented  by  one 
company.  Since  most  of  the  world's  copper  is  refined  in  this 
country,  and  the  results  of  the  measurements  on  the  foreign 
samples  showed  no  particular  difference  from  the  American  sam- 
ples, all  the  results  will  be  given  without  distinguishing  the  for- 
eign from  the  American  product.  The  various,  companies  were 
asked  to  f  innish  representative  samples  of  their  regular  commercial 
product,  both  hard-drawn  aiid  annealed,  and  from  two  to  twenty 
samples  were  received  from  each.  It  is  not  believed  that  the 
measurements  made  upon  the  few  samples  from  each  company 
indicate  acciu-ately  the  average  of  the  product  of  that  company^ 
but  it  is  considered  that  the  mean  of  all  the  measm-ement^  indicates 
very  well  the  average  of  the  present  copper  of  commerce.  The 
results  are  given  below.  Results  are  also  given  for  measm-ements 
on  a  few  aluminum  wires,  together  with  the  data  on  aluminum 
furnished  by  the  Aluminum  Company  of  America. 

An  effort  was  also  made  to  determine  what  was  the  highest  con- 
ductivity obtainable  without  extraordinary  experimental  pre- 
cautions and  expense,  and  the  measm-ements  made  upon  a  few 
samples  of  copper  of  especially  high  conductivity  are,  therefore, 
also  given.  It  was  considered  desirable  also  to  make  a  complete 
investigation  of  the  effect  upon  the  conductivity  of  drawing  to 
progressively  smaller  sizes,  and  to  study  the  question  of  annealing, 
but  these  two  matters  have  had  to  be  dropped  because  of  the 
pressure  of  other  work ;  it  is  hoped  that  they  can  be  taken  up  at  a 
later  time. 
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n.  THE  EXPERIMENTAL  WORK 

The  samples  upon  which  measurements  were  made  were  wires 
Nos.  6  to  18,  B.  and  S.  gage,  about  120  cm  in  length.  Most  of  the 
samples  were  No.  12.  The  resistivity  in  ohms  per  meter-gram 
and  percent  conductivity  were  computed  from  meastu'ements  of 
the  length,  mass,  and  resistance.  The  resistivity  in  ohms  per 
meter-gram  is  the  product  of  the  resistance  per  meter  and  the 
mass  per  meter.  The  percent  conductivity  is  computed  by  divid- 
ing 0.153022  by  the  resistance  per  meter-^am  at  20®  C.  (This 
figure  is  the  value  assumed  by  the  Bureau  of  Standards  as  repre- 
senting the  *'  Matthiessen  Standard  "  at  20®  C.  It  corresponds  to 
1. 72 1 28  micro-ohms  per  centimeter  cube  at  20®  C,  on  an  assumed 
density  of  8.89.)  The  Thomson  bridge  method  was  used  for 
measuring  the  resistances,  and  an  accuracy  of  0.0 1  percent  was 
easily  attained.  The  resistance  of  the  copper  sample  was  com- 
pared with  the  resistance  of  a  copper  standard  in  the  same  bath 
as  the  test  sample,  thus  eliminating  the  necessity  of  very  accu- 
rate temperature  measurement.  The  resistances  of  the  copper 
standards  were  carefully  checked  from  time  to  time  against  man- 
ganin  standards;  in  these  measurements,  of  course,  temperature 
as  well  as  resistance  had  to  be  measured  accurately.  The  accu- 
racy of  the  resistivity  and  conductivity  values  obtained  is  believed 
to  be  within  0.03  percent,  a  limit  determined  chiefly  by  the 
uncertainty  of  the  total  length  measurement  (many  of  the  wires 
were  not  entirely  free  from  small  bends)  and  the  lack  of  uni- 
formity of  cross-section  of  the  wires. 

1.  THE  THOMSON  BRIDGE  METHOD 

The  Thomson  bridge  method  was  first  described  by  Sir  Wm. 
Thomson,*  in  1862.  Hence  it  is  called  the  ''Thomson  bridge"  or 
"Kelvin  double  bridge."  A  diagram  of  the  connections  is 
given  in  Fig.  i .  A  and  B  are  the  low  resistances  to  be  compared. 
5  and  7,  10  and  i,  are  the  "branch  points"  or  ** potential  points" 
between  which  are  the  resistances  considered,  a,  na,  a',  and  n'a' 
are  ratio  arms  of  relatively  high  resistance.  The  theory  of  the 
method  may  be  understood  from  Fig.  2.     This  figure  represents 

«Phil.  Mag.  24,  149:  1862. 
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a  simple  Wheatstone  bridge.  The  simple  bridge  can  not  be  used 
for  low  resistances,  because  the  connecting  resistance  between  A 
and  B  introduces  an  error  if  the  galvanometer  is  connected  to  any 


Fig.  1 


of  the  points  7,  8,  9,  or  10.  (The  resistances  7  8  and  9  10  are  the 
resistances  of  the  adjacent  "current  terminals"  of  A  and  J9. 
The  resistance  between  8  and  9  is  the  **  link  "  connecting  A  and  B,) 

l8 


Fig.  2 

However,  if  it  were  possible  to  bring  the  galvanometer  lead  in 
at  some  point  1 2  such  that 

10  12    B 
12  7      A 
since,  for  zero  deflection  of  the  galvanometer, 


(I) 


58397**—" 8^ 


B-\'io  12  _na 
A+12  7       a 


(2) 
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we  have,  for  a  bridge  balance, 

j  =  «  (3) 

The  equivalent  of  this  is  accomplished  in  the  Thomson  bridge 
by  shunting  lo  7  with  a  relatively  high  resistance,  connecting  the 
galvanometer  to  a  point,  12,  Fig.  i,  and  adjusting  n'a'  or  a'  so 
that 

a'      A 

The  best  method  of  accomplishing  this  adjustment  (jfirst  pub- 
lished by  J.  H.  Reeves*)  is  to  remove  the  link,  8  9,  thus  reducing 
the  bridge  to  a  simple  Wheatstone  bridge,  and  vary  a'  or  n^a'  for 
a  galvanometer  balance.  Then  n  ==  n'.  The  link  is  then  replaced, 
and  the  main  ratio,  na  :  a,  adjusted  tmtil  a  galvanometer  balance 
is  attained.  The  ** link-out"  balance  is,  of  course,  disturbed  by 
this  adjustment,  unless  (n'a' :  a')  is  varied  simultaneously  with 
(na:a).  It  is  preferable  to  have  the  "auxiliary  ratio,'*  n'a'\a' , 
similar  to  the  main  ratio,  and  to  vary  them  simultaneously  for 
the  "link-in"  balance;  thus  the  "link-out"  adjustment  is  not 
distiu-bed.  A  double  set  of  ratio  coils  frequently  used  is'  the 
O.  Wolflf  t)rpe,  and  it  was  used  in  the  work  of  this  paper.  If, 
however,  the  main  and  auxiliary  ratios  can  not  be  varied  simul- 
taneously, the  "link-in"  balance  may  be  made  by  var3dng  the 
main  ratio,  then  the  link  is  taken  out  and  the  balance  restored 
by  varying  the  auxiliary  ratio,  and  then  the  link  is  replaced  and 
the  main  ratio  again  varied,  and  so  on  by  successive  approxima- 
tions until  both  balances  are  made. 

The  variation  of  a'  or  n'a'  for  the  "link-out"  balance  may  be 
accomplished  by  means  of  a  variable  resistance  in  series  with  a'  or 
n'a\  at  7  or  10.  A  very  satisfactory  form  for  this  variable  resist- 
ance is  a  small  glass  tube  of  mercury,  the  resistance  between  the 
ends  of  which  can  be  varied  by  changing  the  depth  to  which  an 
amalgamated  copper  wire  is  immersed  in  it.  If  the  range  of  the 
mercury  resistance  is  insufficient,  a  manganin  wire,  with  sUding 
clamp  contact,  may  be  put  in  series  with  it.  Another  method  for 
obtaining  the  "link-out"  balance  is  to  have  a  slide- wire  between 
a'  and  n'a' ,  along  which  moves  the  galvanometer  contact. 

*Proc.  Phys.  Soc.,  London,  14,  p.  166;  1896. 
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The  connecting  resistances  between  the  branch-point,  i,  and 
the  end  of  na,  2,  and  between  5  and  4,  are  usually  not  negligible. 
One  method  of  procedure  is  to  shift  the  battery  leads  from  their 
normal  points  of  connection,  6  and  11,  to  4  and  2,  with  the  link 
out,  and  measure  the  change  of  balance  of  the  bridge  by  varying 
one  of  the  four  ratio  arms.  The  connecting  resistances  are  then 
calculated  from  the  change  of  balance.  The  variation  of  one  of 
the  ratio  arms  to  meastu'e  the  change  of  balance  may  be  accom- 
plished by  shimting  or  by  varying  a  series  resistance.  In  the 
work  of  this  paper  a  small  series  resistance  was  placed  in  one  arm, 
say  a',  the  total  resistance  of  the  arm  having  the  fixed  value,  100 
ohms.  The  small  series  resistance  could  be  put  in  circuit  or  out 
by  means  of  a  plug,  and  was  normally  out  of  drcuit.  When  the 
link-out  balance  had  been  made,  this  series  resistance  was  put  in 
circuit  and  the  galvanometer  deflection  noted.  The  deflection 
corresponding  to  a  given  change  of  balance  of  the  bridge  being 
thus  known,  the  change  of  balance  caused  by  shifting  the  battery 
leads  was  obtained  by  observing  the  deflection  caused  by  the 
shift,  and  thence  the  correction  to  the  ratio,  na:  a,  easily  calcu- 
lated. The  connecting  resistances  between  i  and  2  and  between 
4  and  5  are  often  neglected  by  users  of  the  Thomson  bridge. 
Since  they  are  frequently  appreciable  (often  including  the  re- 
sistance of  a  knife-edge  contact),  and  also  since  the  method  of 
this  paragraph  permits  the  correction  to  be  readily  determined, 
they  should  not  be  neglected. 

A  different  method  of  using  the  Thomson  bridge  is  to  have  fixed 
ratio  arms  and  a  variable  low  resistance  standard.  The  method 
of  measiu-ement  described  above,  or  an  equivalent  method,  should, 
however,  be  followed  throughout,  except  that  the  link-in  balance 
is  made  by  varying  the  standard  (which  would  be  in  the  arm 
A  or  B)  instead  of  by  varying  the  ratio  arms. 

2.  THE  APPARATUS 

The  apparatus  used  in  the  resistance  measurements  consisted 
of  an  Otto  Wolflf  "double  bridge"  and  a  special  apparatus  for 
mounting  the  wires  under  measurement.  This  special  appara- 
tus was  designed  by  the  authors,  and  it  was  constructed  and  the 
details  of  design  were  worked  out  by  the  Leeds  and  Northrup 
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Company.  It  consisted  essentially  of  a  rectangular  oil  bath  pro- 
vided with  means  for  temperature  control,  and  a  base  with  elec- 
trical connections  to  the  wire  under  measurement.  A  photograph 
of  the  apparatus  is  given  herewith.  The  base  upon  which  wires 
were  mounted  was  a  piece  of  marble,  121  cm  long  and  22  cm  wide. 
The  bath  was  provided  with  pipes  for  the  flow  of  cooling  water, 
and  with  electric  heating  coils  and  lamps,  all  placed  beneath  the 
marble  base.  An  efficient  thermoreguktor  was  provided,  similar 
in  general  to  those  described  in  this  Bulletin  4,  p.  34;  1907.  The 
"bulb"  of  this  thermoregulator  consisted  of  500  cm  of  copper 
tubing  passing  around  the  bath  in  two  turns,  as  may  be  seen  from 
the  photograph.  A  motor-driven  propeller  forced  the  oil  through 
a  vertical  tube  at  one  end  of  the  bath,  and  thus  produced  a  circu- 
lation of  the  oil  in  one  direction  over  the  marble,  and  in  the  oppo- 
site direction  under  the  marble.  The  wire  sample  was  held  by 
heavy  screw  clamps  at  the  ends  of  the  base.  The  test  cmrent 
was  passed  through  the  wire  by  means  of  these  clamps.  The 
potential  connections  were  steel  knife-edges  which  were  mounted 
rigidly  i  meter  apart  on  the  marble  base.  Between  the  knife- 
edges  a  row  of  small  hard  rubber  blocks  served  to  support  the 
wire  sample.  Spring  pressure  devices,  pressing  from  above,  kept 
the  wire  in  contact  with  the  fixed  knife-edges.  A  movable  knife- 
edge  was  also  provided,  traveling  along  a  steel  scale  graduated  for 
103  cm.  Its  contact  pressure  is  adjusted  by  a  lever  and  weights. 
This  knife-edge  makes  it  possible  to  measure  the  resistance  of  a 
sample  of  any  length.  Its  position  is  capable  of  fine  adjustment 
by  a  cone  and  socket  device,  and  is  readable  by  means  of  a  vernier 
to  0.1  mm. 

On  account  of  the  advantages  of  measuring  samples  against  a 
standard  of  the  same  material  in  the  same  bath,  frames  for  aux- 
iliary copper  standards  were  provided.  These  standards  were 
wires  about  a  meter  long,  with  soldered  potential  terminals.  Such 
a  standard  was  placed  in  a  frame,  with  its  ends  connected  into 
small  clamps,  and  its  potential  leads  connected  to  binding  posts. 
The  two  clamps  and  the  two  binding  posts  terminated  in  amalga- 
mated copper  rods.  Mercury  cups  in  the  marble  base  were  so 
placed  as  to  receive  these  amalgamated  terminals.  When  the 
frame  was  in  place,  the  auxiliary  copper  standard  lay  parallel  to 
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the  wire  sample  under  measurement.  The  wire  sample  could  be 
put  into  connection  either  with  the  auxiliary  copper  standard  or 
with  a  manganin  standard  in  a  separate  bath,  by  means  of  a 
movable  amalgamated  copper  link.  All  connections  were  car- 
ried under  the  marble  to  binding  posts  on  one  side  of  the 
apparatus. 

The  apparatus  was  provided  also  with  means  for  applying  a 
known  tension  to  the  wire  imder  measurement.  This  consisted 
of  a  pair  of  pulleys  at  one  end  of  the  bath,  with  a  pan  and  weights 
for  attaching  to  a  cord  clamped  to  one  end  of  the  wire  sample. 
The  effect  of  tension  has  to  be  considered  when  measuring  the 
resistances  of  small  wires.  Experiments  showed  that  for  an 
increase  of  tension  of  i  kilogram  per  mm'  cross  section,  the  resist- 
ance increased  0.025  percent,  which  corresponds  to  an  increase  of 
specific  resistance  of  o.oii  percent.  For  example,  if  a  No.  18 
wire  is  under  a  tension  of  i  kilogram,  its  resistance  is  0.030  percent 
greater  than  if  no  tension  is  applied. 

m.  RESULTS  OBTAINED 
1.  RBSISTIVITT  OF  COMMERCIAL  COPPER 

The  resistivity  and  percent  conductivity  of  89  copper  wires  are 
given  in  Table  2.  The  results  are  separated  into  groups,  each 
group  representing  one  company's  samples.  The  order  in  which 
the  groups  are  placed  has  no  relation  to  the  order  in  which  the 
names  of  the  companies  are  given  on  page  106.  It  is  not  desired 
that  the  few  samples  from  each  company  be  considered  an  adequate 
basis  of  judging  the  output  of  the  company,  although  the  final 
mean  is  believed  to  be  a  good  indication  of  the  average  output  of  all. 

In  general,  the  conductivity  of  the  annealed  wires  did  not  differ 
with  the  size  of  the  wire,  but  in  the  case  of  the  hard-drawn  wires 
there  were  well-defined  differences.  (N.  B.:  The  No.  10  wires  are 
considered  together  with  the  No.  12  throughout,  there  being  no 
appreciable  difference.)  In  each  group,  accordingly,  the  mean  of 
all  the  annealed  wires  is  taken,  and  for  the  hard-drawn  wires  the 
mean  of  each  size  of  wire  in  the  group  is  taken. 

The  mean  of  the  14  group  means  for  the  annealed  wires  is: 

Resistivity  in  ohms  per  meter-gram  at  20°  C  =0.15292 
Percent  conductivity  =  100.07  % 
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The  average  deviation  from  these  means  was  0.26%,  and  the 
maximum  deviation  of  any  group  was  0.81  %. 

Values  for  annealed  and  hard-drawn  wires  being  placed  on  the 
same  line  indicates  that  they  are  from  the  same  lot  of  material, 
and  should  therefore  correspond.  In  calculating  "  Annealed  minus 
Hard-Drawn,  Mean  Percent  Conductivity,"  col.  10,  the  mean  of 
the  particular  size  of  wire  in  the  group  is  taken. 

For  the  No.  6  wires,  the  mean  difference,  annealed  minus  hard- 
drawn,  is  2.30%. 

For  the  No.  12  wires,  the  mean  difference  was  2.68%,  with  a 
mean  deviation  of  0.14%.  Inasmuch  as  one  company's  samples 
were  all  hard-drawn  and  two  companies'  all  annealed,  these  dif- 
ferences for  corresponding  groups  do  not  include  all  the  No.  12 
wires.  The  mean  difference  might,  therefore,  also  be  computed 
in  another  way ;  taking  the  difference  between  the  mean  of  all  the 
annealed  wires  and  the  mean  of  all  the  No.  12  hard-drawn  wires 
and  subtracting,  the  result  is  2.57%.  This  value  agrees  with  the 
above,  within  the  mean  deviation  above.  The  value  may,  there- 
fore, be  stated  to  be  2.7% 

For  the  No.  18  wires  the  mean  difference  was  3.09%. 

2.  COPPER  OF  ESPECIALLT  HIGH  CONDUCTIVITT 

Samples  of  electrolytic  copper  wire,  drawn  directly  from  cathode 
plates  without  intermediate  melting,  were  prepared  for  this  inves- 
tigation by  two  of  the  refiners,  the  U.  S.  Metals  Refining  Company 
and  the  Baltimore  Copper  Smelting  and  Rolling  Company.  The 
values  of  resistivity  and  conductivity  for  two  samples  from  each 
refiner  are  given  herewith.  The  first  three  samples  were  annealed, 
and  the  fourth  was  a  hard-drawn  No.  1 2  wire. 


Ohma  per  nMtor-cmn  at  20*  C 

Pwcaot  onducttytty 

oasioi 

101.33^ 

0.15098 

101.35% 

0.15076 

101.50% 

0.15386 

99.46% 

It  was  thought  that  still  higher  conductivity  could  be  obtained 
by  melting  the  cathode  plates  in  vacuo,  and  drawing  wires  from 
the  rods  resulting.  *  This  was  carried  out,  with  the  assistance  of 
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the  Research  Laboratory  of  the  General  Electric  Company,  and 
Mr.  W.  H.  Bassett,  of  the  American  Brass  Company.  The  results 
on  a  sample  melted  in  a  hole  of  2  cm  diameter  in  a  special  crucible 
of  Acheson  graphite  are  given  herewith.  The  first  is  for  aimealed 
wire,  and  the  second  for  hard-drawn  No.  18  wire: 


Ohms  per  BMtor-fmii  at  20*  C 

0.15046 
0.15483 

101.70^ 
98.83% 

Other  samples  melted  in  alumina  and  graphite  crucibles  had 
conductivity  less  than  before  the  vacuum  treatment.  It  is 
believed  that  better  results  in  this  direction  could  be  obtained, 
but  time  to  attack  the  problem  was  not  available. 

Wires  were  submitted  by  the  Quincy  Mining  Company,  drawn 
from  a  mass  of  native  lake  copper  of  tmusually  high  conductivity. 
The  copper  had  never  been  melted  down.  The  values  found  are 
given  herewith.  The  first  is  a  hard-drawn  No.  1 2  wire,  the  second 
annealed. 


0.15431 
0.15045 

101.71% 

3.  DATA  ON  HARD-DRAWN  ALUMINUM 

Seven  samples  of  wire,  together  with  the  following  table  of 
information,  were  furnished  by  the  Aluminum  Company  of  America. 

TABLE  ni 


Conductivtty 

Analyils 

Sao^to  No. 

A] 

81 

Fe 

r 
1 

62.1 

99.58 

.27 

2 

61.6 

99.60 

.26 

3 

61.6 

99.58 

.27 

4 

61.6 

99.59 

.27 

5 

61.8 

99.59 

.27 

6 

62.0 

99.55. 

.31 

7 

99.52 

.34 

Ii6 
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The  results  of  measurements  at  the  Bureau  of  Standards  are 
given  in  the  following  table: 

TABLE  IV 


SamptoNo* 

Size  of 

win 

B.aadS. 

Danaity 

Ohmaper 

meter  ^nun 

at  20.00*  C 

lyUcro-ohma 

per  cm  cube 

at  20.00*  C 

Percent  con* 

ductlvttyon 

meter  •4(ram 

bane 

Percent  con* 

ductlvtty  on 

cm  cube 

baala 

2.6983 

0.07575 

2.8074 

202.01% 

61.31% 

2.6996* 

0.07604 

2.8168 

201.23% 

61.11% 

2.6994 

0.07579 

2.8076 

201.91% 

61.31% 

2.6992 

0.07602 

2.8165 

201.30% 

61.11% 

2.6992 

0.07605 

2.8175 

201.21% 

61.09% 

12 

2.6991 

0.07535 

2.7917 

203.08% 

61.66% 

16 

2.6984 

0.07514 

2.7845 

203.66% 

61.82% 

Mean 

2.6990 

0.07573 

2.8060 

202.06% 

61.34% 

The  two  values  assumed  as  standard  in  computing  the  two  per- 
cent conductivities  are  the  values  assumed  in  the  case  of  copper, 
viz,  0.153022  ohm  per  meter-gram  at  20®  C,  and  i. 72128  micro- 
ohms  per  cm  cube  at  20®  C. 

The  company  also  furnished  a  figure  representing  the  mean 
conductivity  of  its  output  of  all  sizes  of  wire  for  the  past  five 
years.  The  figure  was  obtained  by  averaging  the  records  for  one 
out  of  every  15  conductivity  tests  diu-ing  the  above  period.  As 
the  figure  is  the  result  of  many  thousands  of  separate  determina- 
tions it  is  of  great  value.  This  figure  was  given  as  **  61.38  on  the 
Matthiessen  standard  scale."  This  was  translated  into  resis- 
tivity values  by  applying  as  a  correction  the  diflference  between 
the  mean  of  the  percent  conductivity  values  on  the  first  six  sam- 
ples above,  as  determined  by  the  company,  and  as  determined  at 
the  Bureau  of  Standards,  and  using  the  mean  density  found  above. 
The  correction  takes  into  account  both  errors  of  meastu'ement 
and  a  difference  in  the  standard  values  assumed. 

The  results  then  were: 


Percent  conductivity  on  cm  cube  basis 
Resistivity  in  micro-ohms  per  centimeter  cube  at  20®  C 
Resistivity  in  ohms  per  meter-gram  at  20^  C 
Percent  conductivity  on  meter-gram  basis 


60.86% 
2.8283 
0.07633 
200.46% 
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IV.  DISCUSSION  OP  RESULTS 

1.  anhealbd  copper  wires 

(A)  SUMMARY  OF  ABOVB  DATA 

It  was  found  that  annealed  copper  wires  did  not  differ  in  con- 
ductivity with  the  size  of  wire.  For  the  annealed  samples  from 
14  important  producers  the  mean  results  were: 

Resistivity  in  ohms  per  meter-gram  at  20°  C  =     0.15292 
Percent  conductivity  =  100.07% 

The  average  deviation  from  these  means  was  0.26  percent,  and 
the  maximum  deviation  of  any  group  was  0.81  percent.  The  gen- 
eral agreement  of  the  results  indicates  that  the  refiners  are  pro- 
ducing copper  very  satisfactory  in  its  uniformity  of  quality. 

(B)  SUMMARY  OF  DATA  FROM  AMBRICAN  BRASS  COMPAIVT 

We  present  here  also  the  results  of  the  data  collected  by  the 
American  Brass  Company,  which  were  furnished  by  Mr.  W.  H. 
Bassett,  and  which  are  given  with  his  permission.  Measurements 
were  made  upon  annealed  No.  12  samples,  at  least  one  sample 
from  each  carload  of  wire  bars.  The  wire  bars  represented  a 
ntmiber  of  the  important  refiners  of  copper.  Practically  all  the 
material  had  been  electrol)rtically  refined.  For  samples  from 
more  than  2000  carloads,  or  more  than  100  000  000  pounds  of  wire 
bar  copper: 

Mean  resistivity  in  ohms  per  meter-gram  at  20®  C  =     0.15263 
Mean  percent  conductivity  =  1 00. 2  5  % 

This  result  is  regarded  as  reliable,  as  the  work  of  this  laboratory 
is  known  to  be  done  with  care,  and  as  its  standards  for  conduc- 
tivity measurements  are  in  agreement  with  those  of  the  Btu'eau  of 
Standards.  This  result  is  much  more  representative,  in  pounds  of 
copper,  than  the  result  just  given  above.  The  fact  that  the  value 
for  conductivity  is  higher  is  corroborative  of  the  former  result, 
because  this  company  (like  others  who  make  conductivity  tests) 
accepts  only  copper  of  the  higher  conductivity. 

It  is  to  be  observed  that  both  the  mean  values  as  found  in  this 
investigation,  and  as  found  by  Mr.  Bassett,  for  the  resis- 
tivity and  percent  conductivity  differ  from  the  standard  values 
(0.153022  and  100  percent)  by  less  than  0.26  percent,  which  is  the 
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above  average  deviation  from  the  mean.  It  is  interesting  that 
the  standard  values,  derived  from  the  experiments  of  fifty  years 
ago  on  copper  supposed  to  be  chemically  pure,  are  so  close  to  the 
average  of  commercial  copper  to-day.  It  at  once  suggests  itself 
that  the  present  standard  of  resistivity  is  a  good  one  to  retain  for 
commercial  copper. 

2.  HARD-DRAWN  COPPER  WIRBS 

The  results  on  the  hard-drawn  wires  may  best  be  summarized 
by  considering  the  difference  in  conductivity  between  annealed 
and  hard-drawn  samples.  It  was  found  that  this  difference  in 
conductivity  varies  with  the  size  of  the  wire.  Most  of  the  wires 
used  were  No.  12  B.  and  S.,  and  for  that  size  the  conductivity  of 
annealed  wires  was  found  to  be  greater  than  the  conductivity  of  hard- 
drawn  wires  by  2.7  per  cent. 

Only  a  few  No.  6  and  No.  18  wires  were  experimented  upon,  and 
the  mean  results-are  stated  above.  The  values  are  not  considered 
.  as  having  much  weight,  being  based  on  such  limited  experimental 
evidence,  but  they  show,  as  was  to  be  expected,  that  the  differ- 
ence between  the  conductivity  of  annealed  and  hard-drawn  wires 
increases  as  the  diameter  of  the  wire  decreases.  This  general 
conclusion  is,  however,  compUcated  in  any  particular  case  by  the 
particular  practice  of  the  wire  drawer,  in  regard  to  the  number  of 
drawings  between  annealings,  amount  of  reduction  to  each  draw- 
ing, etc.  

3.  THE  HIGHEST  CONDUCTIVITT  FOUND 

The  lowest  resistivity  and  highest  conductivity  found,  for  a 
hard-drawn  wire,  were : 

Resistivity  in 'ohms  per  meter-gram  at  20°  C=  0.15386 
Percent  conductivity  *=  99  46  % 

and  for  an  annealed  wire,  were : 

Resistivity  in  ohms  per  meter-gram  at  20°  C  =     o.  1 5045 
Percent  conductivity  =101.71% 

The  former  wire  was  drawn  from  a  cathode  plate  without  melting. 
The  latter  wire  was  drawn  directly  from  a  mass  of  native  lake 
copper  which  had  never  been  melted  down.  It  was  thought  that 
a  still  higher  conductivity  could  be  obtained  if  a  wire  cotild  be 
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prepared  from  cathode  copper  which  had  been  melted  in  vacuo. 

This  was  tried  and  no  material  increase  of  conductivity  was 

obtained.    This  may,  however,  have  been  due  to  contamination 

from  the  crucibles  or  to  the  poor  mechanical  condition  of  the 

samples  resulting  from  the  melting.     It  is  believed  that  further 

investigation  along  this  line,  with  care  in  the  methods  of  cooling, 

might  be  rewarded  with  a  higher  conductivity  than  any  yet 

obtained. 

4.  ALUMINUM 

Data  on  the  conductivity  of  hard-drawn  aluminum  is  given 
above.  For  7  samples  of  commercial  aluminum,  supposed  to  be 
fairly  representative  of  the  present  output  of  the  Aluminum  Com- 
pany of  America,  the  mean  results  were : 

Resistivity  in  ohms  per  meter-gram  at  20°  C  "O-OTSTS 

Resistivity  in  micro-ohms  per  centimeter  cube  at  20°  C  —  2.8060 
Density  =2.699 

The  chemical  analysis  of  these  wires  is  also  given  above.  The 
mean  resistivity  of  the  company's  output  of  all  sizes  of  wire  for 
the  past  five  years  was  fimiished  by  the  company.  The  value 
was  given  by  the  company  in  terms  of  the  resistance  per  centi- 
meter cube,  and  has  been  reduced  to  the  meter-gram  basis  by 
the  use  of  the  density  just  stated.     The  values  are : 

Resistivity  in  ohms  per  meter-gram  at  20°  C       =  0.07633 
Resistivity  in  micro-ohms  per  cm  cube  at  20®  €  =  2.8283 
Percent  conductivity  on  cm  cube  basis  =  60.86  % 

Percent  conductivity  on  meter-gram  basis  =  200.46  % 

This  result  is  considered  to  be  a  very  good  average  value  for 
commercial  hard-drawn  aluminum.  It  is,  of  cotu^e,  entitled  to 
much  greater  consideration  than  the  above  results  on  7  samples. 

Aluminum  wire  is  always  furnished  hard-drawn,  hence  no  data 
is  given  on  annealed  samples. 

5.  TBMPBRATURB  COEFnCIBNT  OF  COPPER 

The  work  on  the  temperature  coefficient,  reported  in  the  paper 
on  "The  Temperature  Coefficient  of  Resistance  of  Copper,"  •  was 

'This  Bulletin,  7,  p.  71;  1910. 
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done  upon  samples  included  in  this  investigation.  The  tempera- 
ture coefficient  was  fotmd  to  be  linear  between  io°  C  and  ioo° 
C  to  an  accuracy  within  0.2  %,  and  to  be  proportional  to  the  con- 
ductivity, the  mean  deviation  from  this  relation  being  only  0.2  % 
for  the  37  samples  measured.  The  temperature  coefficient  at 
20°  C  of  a  sample  of  copper  is  accordingly  given  by  multiplying 
the  number  expressing  the  percent  conductivity  decimally  by 

0.00394 

In  the  paper  mentioned  is  given  a  table  showing  the  temperature 
coefficients  for  various  conductivities  over  the  range  of  commer- 
cial copper,  calctdated  according  to  the  above  simple  rule.  The 
relation  between  conductivity  and  temperature  coefficient  may  be 
expressed  otherwise,  thus:  the  change  of  resistivity  per  degree  C 
is  a  constant  for  copper,  independent  of  the  temperature  of  ref- 
erence and  independent  of  the  sample  of  copper.  This  con- 
stant is : 

0.000598  ohm  per  meter-gram, 

or,  0.0068 1  micro-ohm  per  centimeter  cube. 

Cases  sometimes  arise  in  practice  where  a  temperature  coefficient 
of  resistance  must  be  assumed.  It  may  be  concluded  from  these 
results  that  the  best  value  to  assume  for  the  temperature  coef- 
ficient of  good  commercial  annealed  copper  wire  is  that  corre- 
sponding to  100  %  conductivity,  viz: 

flTo  =  0.00428,     nrjg  =  0.00402,     nr^  =  0.00394,     ar,5  =0.00386 

(R  —R  \ 

«M  =  7T-^? ^  >  etc.  |.     This  value  would  usually  apply  to  instru- 
/?,o(^-2o)  / 

ments  and  machines,  smce  they  are  generaUy  wound  with  annealed 

wire.     Similarly,  the  temperature  coefficient  of  good  commercial 

hard-drawn  copper  wire  may  be  taken  as  that  corresponding  to 

a  conductivity  2.7  %  less,  viz: 

oTo =0.00415,     ai6= 0.0039 1,     «w=ooo383»     «r^ =0.00376. 
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V.  CONCLUSIONS 

1.  BEST  VALUB  FOR  THB  RESISTIVITT  OP  ANNBALBD  COPPER 

The  mean  value  found  for  the  20®  C  resistivity  of  commercial 
annealed  copper  is  very  close  to  the  standard  value  previously 
assumed  by  the  Bureau  of  Standards  and  by  the  American  Insti- 
tute of  Electrical  Engineers  before  1908.  We  are  accordingly  led 
to  the  conclusion  that  the  best  value  to  be  assumed  for  the  resis- 
tivity of  annealed  copper,  in  the  preparation  of  wire  tables  and 
in  the  expression  of  percent  conductivity,  etc.,  is  said  standard 

value,  viz: 

0.153022  ohm  per  meter-gram  at  20^  C 

Thus,  three  of  the  standard  20°  C  values  in  Table  I,  page  105,  are 
in  agreement.  The  standard  values  at  other  temperatiu-es,  how- 
ever, are  not  in  agreement  because  of  differences  in  the  tempera- 
ture coefficient  assumed.  Applying  the  temperature  coefficient 
which  is  discussed  above,  page  1 20,  and  which  is  equivalent  to  a 
change  of  resistivity  per  degree  C 

*  =  0.000598  ohm  per  meter-gram, 

we  obtain  the  following  values  of  the  standard  resistivity  at  vari- 
ous temperatures : 


Temperalun  C«iitlfnid« 

RmMMAjf  In  oimu  pw  nMtor^niB 

0^ 

0.1411 

1S« 

0.1500 

20** 

0.153022 

25<» 

0.1560 

It  will  be  noticed  that  the  value  0.1500  at  15®  C  is  a  round 
number  easily  remembered,  and  happens  to  agree  with  the  15®  C 
value  of  th^  Matthiessen  Standard  as  computed  by  Lindeck  (col. 
4,  Table  I) .  It  is  proposed  that  the  resistivity  represented  by 
the  foregoing  values  be  called  the  ^'Annealed  Copper  Standard.'' 
(The  term  ''  Matthiessen  Standard  "  has  been  applied  to  too  many 
different  values  to  be  considered.) 
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2.  DENSITY  OF  COPPER 

When  it  is  desired  to  calculate  the  resistance  of  wires  from 
dimensions,  it  is  necessary  that  a  density  be  given,  fc  well  as  the 
meter-gram  resistivity.  It  is  proposed  thai  the  standard  density 
for  copper^  at  20^  C,  be  taken  as  8.89.  This  is  the  value  which  has 
been  used  by  the  A.  I.  E.  E.,  and  most  other  authorities.  Meas- 
urements made  on  a  number  of  the  samples  in  this  investiga- 
tion indicated  this  value  as  a  mean.  This  density,  of  8.89,  at 
20^  C,  corresponds  to  a  density  of  8.90  at  0°  C.  Applying  the 
above  values  of  density  and  of  meter-gram  resistivity,  the  resis- 
tivity of  the  "Annealed  Copper  Standard"  is  found  to  be  equiva- 
lent to  a  specific  resistance  of  1.72 128  micro-ohms  per  centimeter 
cube  at  20°  C,  or  a  specific  conductivity  of  5.8096  (10)-*  cgs 
imits  at  20°  C. 

3.  TEMPERATURE  COEFFICIENT  OF  ANlfEALBD  AND  OF  HARD-DRAWN 

COPPER 

According  to  the  above  discussion  of  the  temperature  coeffi- 
cient, page  120,  it  is  proposed  that,  in  cases  where  assumption 
is  tmavoidable,  the  temperature  coefficient  of  good  commercial 
annealed  copper  wire  be  assumed  as : 

flfo  =0.00428,    OTn  =0.00402,    <ar,o  =0.00394,   ar^  =0.00386, 

and  that  the  temperature  coefficient  of  good  commercial  hard- 
drawn  copper  wire  be  assumed  as : 

flfo  =0.00415,   «u  =0.00391,  »,o  =0.60383,   «»  =0.00376. 

4.  PERCENT  CONDUCTIVITT 

Percent  conductivity  of  a  sample  of  copper  may  be  calculated  by 
dividing  the  resistivity  of  the  Annealed  Copper  Standard  at  20°  C  by 
the  resistivity  of  the  sample  at  20°  C.  Inasmuch  as  the  temperature 
coefficient  of  copper  varies  with  the  conductivity,  it  is  to  be  noted 
that  a  different  value  will  be  found  if  the  resistivity  at  some  other 
temperature  is  used.  This  difference  is  of  practical  moment  in  some 
cases.  For  example,  suppose  the  resistivity  of  a  sample  of  copper 
is  0.1594  at  20°  C;  dividing  0.1530  by  this,  the  percent  conduc- 
tivity is  96.0%.  Now  the  corresponding  0°  C  resistivity  of  the 
sample  is  0.1474;  dividing  0.1411  by  this,  the  percent  conductivity 
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is  calculated  to  be  95.7%.  In  order  that  such  differences  shall 
not  arise,  it  is  suggested  that  the  20°  C  value  of  resistivity  always 
be  used  in  computing  the  percent  conductivity  of  copper.  When 
the  resistivity  of  the  sample  is  known  at  some  other  temperature, 
/,  it  is  very  simply  reduced  to  20°  C  by  adding  the  quantity,  (20-O 
multiplied  by  0.000598  ohm  per  meter-gram. 

5.  DATA  FOR  USE  IN  WIRB  TABLES 

The  data  available  from  this  investigation  for  use  in  connec- 
tion with  the  preparation  of  wire  tables  are,  in  addition  to  the 
foregoing  values  for  (i)  the  resistivity  and  (2)  the  temperature 
coefficient  of  copper,  the  following:  (3)  the  difference,  2.7%, 
between  the  conductivity  of  annealed  and  hard-drawn  No.  12 
copper  wire,  together  with  a  recognition  of  the  general  increase  of 
this  difference  as  the  diameter  of  the  wire  decreases;  (4)  data  on 
commercial  hard-drawn  aluminum,  as  follows : 

ALUBAmUM 

Resistivity  in  ohms  per  meter-gram  at  20®  €=0.0763 
Micro-ohms  per  cm  cube  at  20®  C  =2.828 

Density  =2.70 

6.  THE  EXPRESSION  OF  RESISTIVITT  IN  OHMS  PER  MBTER-GRAM 

The  advantages  of  the  expression  of  resistivity  in  terms  of  ohms 
per  meter-gram  may  well  be  emphasized  here.  In  specifications 
for  purchase,  or  in  expressing  the  results  of  conductivity  measure- 
ments, the  statement  of  the  meter-gram  resistivity  avoids  all 
questions  of  standard  values  which  arise  in  connection  with  the 
percent  conductivity.  The  use  of  the  meter-gram  basis  corre- 
sponds most  closely  to  the  usual  methods  of  making  conductivity 
measurements  in  practice.  There  are  cases,  however,  in  which 
the  cross-section  is  measured  and  not  the  mass,  and  hence  the  cen- 
timeter cube  resistivity  obtained.  The  difficulty  of  expression  in 
terms  of  percent  conductivity  at  once  arises,  that  percent  con- 
ductivity can  be  computed  either  from  the  meter-gram  resistivity 
or  the  centimeter  cube  resistivity.  If  the  density  of  the  sample 
differs  from  the  standard  density,  these  two  percent  conductivi- 
ties will  not  agree.  This  difficulty  is  made  particularly  clear  by 
an- inspection  of  the  data  on  aluminum  given  above,  page  121. 
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The  extreme  difference  between  the  percent  conductivities  on  the 
two  bases  makes  manifest  the  absurdity  of  the  extension  of  the 
idea  of  percent  conductivity  to  metals  of  different  density  from 
that  of  copper,  unless  it  be  stated  upon  which  basis  the  percent 
conductivity  is  reckoned.  Thus,  we  may  speak  of  the  "percent 
conductivity  on  the  meter-gram  basis,"  and  the  "percent  conduc- 
tivity on  the  centimeter  cube "  basis.  It  is  suggested  that  these 
terms  be  shortened,  respectively,  to  the  "mass  percent  conduc- 
tivity" and  the  "volume  percent  conductivity,"  which  terms 
should  be  readily  understood.  The  various  sources  of  possible 
confusion  in  the  use  of  percent  conductivity  make  it  desirable 
that  the  actual  restivity  be  stated.  The  meter-gram  resistivity  is 
preferable  to  the  centimeter  cube  resistivity,  because  (i)  the 
measurement  of  cross  section  in  many  cases  is  difficult  and  inaccu- 
rate; (2)  the  direct  measurement  of  cross  section  is  practically  impos- 
sible ^or  irregular  shapes  of  cross  section;  (3)  copper  is  sold  by 
weight  rather  than  by  volume,  and  therefore  the  data  of  value  to  most 
users  is  given  directly  by  the  meter-gram  resistivity. 

7.  DESIRABILITT  OF  AN  INTERIf  ATIONAL  STANDARD  OF  COPFBR 

CONDUCTIVITY 

It  is  desired  that  the  foregoing  data  and  suggestions  shall  not 
confuse  existing  practice,  and  it  is  not  expected  that  they  will 
make  any  change  in  the  electrical  engineering  practice  of  this 
country  until  taken  cognizance  of  by  the  American  Institute  of 
Electrical  Engineers.  Furthermore,  an  international  agreement  on 
copper  standards  is  considered  desu-able.  To  ascertain  whether 
this  might  be  possible,  the  Bureau  of  Standards  has  had  some  pre- 
liminary correspondence  with  the  national  laboratories  of  Ger- 
many, England,  Prance  and  Austria.  Considerable  interest  was 
manifested  in  the  matter.  The  use  of  the  meter-gram  basis  was 
looked  on  with  favor.  In  Germany  and  England  the  matter  was 
referred  to  the  national  electrical  engineering  societies.  No  defi- 
nite consideration  has  been  as  yet  given  by  these  bodies  to  the 
matter  of  international  copper  standards.  Particularly  in  view 
of  the  fact  that  the  vast  bulk  of  the  world's  copper  is  mined  and 
refined  in  the  United  States,  it  would  seem  appropriate  for  the 
American  Institute  of  Electrical  Engineers,  through  the  Inter- 
national  Electrotechnical  Commission,   to  lead  an  attempt  to 
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secure  agreement  among  the  various  engineering  bodies.  It  is 
desired  that  none  of  the  proposals  in  this  paper  should  stand  in 
the  way  of  such  an  international  agreement.  It  might  seem 
desirable  to  base  the  international  standard  resistivity  upon  the 
purest  copper  that  can  be  produced,  instead  of  upon  such  an  aver- 
age of  the  commercial  product  as  is  given  in  this  paper.  However, 
diffictdties  arise  in  that  direction.  Finally,  it  is  believed  that  the 
expression  of  conjluctivity  on  a  percentage  basis  will  be  thor- 
oughly satisfactory  only  after  a  definite  international  standard 
has  been  established. 

VI.  SUMMARY 

1.  The  various  standard  values  in  use  for  the  resistivity  and 
temperature  coefficient  of  copper  are  given,  and  the  need  for  the 
present  investigation  shown. 

2.  The  means  of  making  precise  measurements  of  conductivity 
of  wire  samples  is  described. 

3.  The  resistivities  are  given  for  89  samples  of  commercial  copper 
from  14  important  refiners  and  wire  manufacturers  in  this  and 
other  coimtries.     The  mean  for  annealed  wires  is : 

Resistivity  in  ohms  per  meter-gram  at  20®  C  «  0.15292 
Percent  conductivity  « 100.07% 

(Percent  conductivity  is  computed  on  the  basis  of  100%  conduc- 
tivity corresponding  to  the  standard  resistivity,  0.153022  ohm  per 
meter-gram  at  20®  C.)  The  mean  result  of  data  furnished  by  a 
large  wire  manufacturing  company,  representing  tests  on  more 
than  100  000  000  pounds  of  copper,  is  also  given,  viz,  for  annealed 
samples: 

Resistivity  in  ohms  per  meter-gram  at  20°  C  ==0.15263 
Percent  conductivity  =  1 00. 2  5  % 

It  is  concluded  that  the  best  value  to  be  assumed  for  the  resis- 
tivity of  annealed  copper,  in  the  preparation  of  wire  tables  and 
in  the  expression  of  percent  conductivity,  etc.,  is  the  previously 
used  standard  value,  viz: 

0.153022  ohm  per  meter-gram  at  20^  C. 

4.  The  conductivity  of  hard-drawn  No.  12  B.  and  S.  wires  was 
found  to  be  less  than  the  conductivity  of  annealed  wires  by  a 
mean  value  of  2.7%.    The  difference  between  the  conductivity 

58397**—" 9 


126  Bulletin  of  the  Bureau  of  Standards  [VoL7*No,x 

of  annealed  and  hard-drawn  wires  increases  as  the  diameter  of 
the  wire  decreases. 

5.  The  lowest  resistivity  and  highest  conductivity  found,  for  a 
hard-drawn  wire,  were : 

Resistivity  in  ohms  per  meter-gram  at  20°  C  =  o.  1 5386 
Percent  conductivity  =9946% 

and  for  an  annealed  wire,  were : 

Resistivity  in  ohms  per  meter-gram  at  20°  C  =  o.  1 5045 
Percent  conductivity  =101.71% 

6.  Representative  mean  values  for  commercial  hard-drawn  alu- 
minum were  obtained,  as  follows: 

Resistivity  in  ohms  per  meter-gram  at  20°  C       =  0.0763 
Resistivity  in  micro-ohms  per  cm  cube  at  20°  €  =  2.828 
Density  =2.70 

7.  The  work  on  the  temperature  coefficient  of  resistance  of  cop- 
per, which  is  reported  in  another  paper,®  was  done  upon  samples 
included  in  this  investigation.  The  temperature  coefficient  was 
found  to  be  substantially  proportional  to  the  conductivity.  This 
relation  may^  be  expressed  thus :  the  change  of  resistivity  per 
degree  C  is  a  constant  for  copper,  independent  of  the  temperature 
of  reference  and  independent  of  the  sample  of  copper;  this  con- 
stant is 

0.000598  ohm  per  meter-gram. 

8.  The  advantages  of  the  expression  of  resistivity  in  ohms  per 
meter-gram  are  stated. 

9.  The  desirability  of  an  international  standard  of  copper  con- 
ductivity is  urged. 

Washington,  August  i,  19 10. 

'This  Bulletin,  1,  page  69;  19 10. 


ON  THE  CONSTANCY  OF  THE  SULPHUR  BOILING  POINT 


By  C.  W.  Waidner  and  G.  K.  Buigen 


In  view  of  the  general  use  and  convenience  of  the  sulphur 
boiling  point  as  a  temperature  for  the  standardization  of  thermo- 
metric  apparatus,  it  is  highly  desirable  to  demonstrate  conclu- 
sively by  experiment  that  we  are  really  dealing  with  a  strictly 
reproducible  and  satisfactorily  constant  temperature  throughout 
the  colimrn  of  vapor  in  the  standard  form  of  sulphur  boiling 
apparatus,  which  is  generally  used. 

We  have  recently  shown  *  that  in  the  ordinary  form  of  Cal- 
lendar  and  Griffiths  apparatus,  in  which  the  sulphur  is  boiled  in 
a  glass  tube  some  45  cm  long  by  4.5  cm  diameter,  heated  from 
below  either  electrically  or  by  a  gas  burner,  and  in  which  the 
thermometer  coil,  mounted  within  a  porcelain  tube  glazed  on  the 
outside,  is  inclosed  in  a  cylindrical  or  conical  radiation  shield  of 
aluminum  of  some  15  cm  in  length;  the  temperature  of  the  sul- 
phur vapor,  as  measured  with  resistance  thermometers  having 
coils  4  to  5  cm  long,  is  apparently  constant  to  within  0^.03  C 
throughout  some  27  cm  of  the  30  cm  length  of  the  column  of 
sulphur  vapor. 

With  thermocouples  of  platinum-rhodium  and  of  platinum- 
iridium,  however,  discordant  results  were  obtained,  varying  both 
with  the  couple  and  depth  of  immersion  of  the  wires  in  the  vapor 
and  indicating  an  apparent  point-to-point  variation  within  the 
radiation  shield  of  the  order  of  0^.5  C. 

Since  it  might  be  maintained  that  the  relatively  long  resistance 
thermometer  is  an  integrating  device  giving  an  average  tempera- 
ture within  the  shield  whose  real  temperature  would  be  far  from 
constant  as  shown  by  the  thermocouples  which  presumably  give 

^  This  Bulletin  6,  pp.  149-330;  1910. 
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the  temperature  at  a  point,  we  have  thought  it  worth  while  to 
endeavor  to  remove  any  existing  doubts  as  to  the  constancy  of 
the  temperature  of  sulphur  vapor  in  this  apparatus  by  further 
experiments. 

It  should  first  be  noted,  perhaps,  that  the  resistance  ther- 
mometer, if  it  can  be  made  small  enough,  is  more  suited  than  the 
thermocouple  for  the  measurement  of  small  differences  in  tem- 
perature at  the  sulphur  point,  as  the  indications  of  the  former, 
read  as  a  strictly  potential  instrument,  may  be  freed  from  any 
thermoelectric  phenomena  occurring  in  the  lead  wires;  whereas  in 
the  case  of  the  latter,  such  effects  are  additive,  and  when  they 
occur  in  the  platinum  or  alloy  leads  can  not  be  distinguished  from 
the  E.  M.  F.  of  the  junction. 

We  have  therefore  used,  for  the  exploration  of  the  temperature 
in  the  sulphur  apparatus,  in  addition  to  several  thermocouples, 
a  resistance  thermometer  of  very  short  coil,  less  than  9  mm  in 
length.  Its  resistance  at  the  S.  B.  P.  was  about  13.1  ohms,  the 
measuring  current  0.006  amperes,  causing  a  rise  of  less  than  o^.oi 
C.  in  the  temperature  of  the  thermometer  coil.  The  potential 
terminal  method  of  measurement  was  used  (see  above  reference) , 
permitting  changes  of  less  than  0^.02  C.  to  be  detected  with 
certainty. 

Using  either  the  cylindrical  or  conical  radiation  shield,  with 
umbrella  top  to  eliminate  condensation  cooling,  and  taking 
measurements  at  various  depths  of  immersion  in  the  vapor, 
and  for  all  positions  within  the  shields  up  to  2  cm  of  the  top,  no 
variations  as  great  as  0^.05  C  were  observed.  In  the  following 
table,  for  example,  are  given  the  results  on  two  series  of  measure- 
ments for  the  distribution  within  the  cyUndrical  shield,  the  zero 
position  being  at  the  lowest  position  in  the  shield  corresponding 
to  the  bottom  of  the  long  resistance  thermometers  previously 
used. 


Depth  of  Immersion  of 
Shield  in  S  Vapor 

25  cm 
28  cm 


Distance  Thermometer 
10  raised  in  cm 


13.128    13.127    13.128c      Resistance  of  Therm. 
13.126    13.126    13.127       Resistance  of  Therm. 


Outside  the  radiation  shield,  of  course,  the  temperature  falls  off 
rapidly  due  to  the  cooling  effect  of  the  Uquid  running  down  the 
tube  and  to  radiation. 
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Various  thermocouples  of  wire  0.6  mm  diameter  and  which 
had  been  subjected  to  high  temperature  usage  were  tried,  with 
results  varying  from  o°.o  to  i^.o  for  the  apparent  range  of  tem- 
perature within  the  shield.  Even  with  a  differential  thermo- 
couple, a  distribution  differing  by  several  tenths  degree  was 
obtained  according  as  one  junction  or  the  other  was  raised.  The 
most  uniform  distribution  was  found  with  couples  which  had 
been  used  the  least  at  high  temperatures.  Finally,  in  order  to 
eliminate  the  effects  both  of  conductivity  and  of  heterogeneity 
in  the  wires,  we  used  a  couple  of  which  the  wires  were  o.i  mm 
diameter  and  which  had  been  annealed  and  calibrated  once,  but 
not  otherwise  used.  With  this  very  fine  and  electrically  homo- 
geneous thermocouple,  most  satisfactory  results  were  obtained 
for  the  temperature  distribution  in  the  shield  as  shown  below 
for  an  immersion  of  27  cm. 


Distance  couple 
ndsed  in  cm 2465  79         11       3  6        0        5       etc. 

Change  in  tem-  ~ 

peiatnre*>C  +.03  0  0  4- -01  +.01  -.03  +.04  +.06  4- .02  -.04  +.02   etc. 

These  variations  are  of  the  order  of  the  error  of  measurement 
and  of  barometric  fluctuations. 

It  appears  to  be  proved,  therefore,  by  a  point  to  point  explora- 
tion within  the  radiation  shield  of  the  standard  form  of  S.  B.  P. 
apparatus  by  means  of  suitable  resistance  and  thermoelectric 
thermometers  and  for  any  position  of  the  shield  throughout 
nearly  the  whole  length  of  the  sulphur  vapor  column,  that  the 
temperature  is  certainly  constant  to  within  0^.05  and  probably 
within  o°.03  C. 

As  shown  previously,*  the  most  probable  numerical  value  of 
the  S.  B.  P.  on  the  scale  of  the  constant  volume  nitrogen  ther- 
mometer, as  deduced  from  all  the  available  data,  is  444.70  to 
within  o^.i  C,  with  a  variation  of  about  0^.09  per  mm  Hg  change 
in  pressure. 

In  spite  of  the  complexity  of  sulphur  in  its  chemical  behavior, 
such  as  possessing  several  valences  and  isomeric  forms  in  the 
solid  and  liquid  states,  the  fixity  of  the  temperature  of  its  vapor 

'Waidnerand  Burgess,  Bulletin  Bureau  of  Standards,  7,  pp.  3-n;  1910. 
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during  boiling  appears  to  be  all  that  could  be  desired.  It  would 
seem  that  the  only  phenomenon  that  could  cause  this  constancy 
to  be  questioned  would  be  the  existence  of  two  forms  of  liquid 
sulphur  of  slightly  different  boiling  points  and  one  form  gradu- 
ally changing  into  the  other  with  contmued  boiling.  We  have 
never  been  able  to  detect  any  such  progressive  change  in  the 
boiling  point  over  several  hours'  time.  A  further  test  of  the 
constancy  of  this  temperature  is  the  remarkably  close  agreement 
on  extrapolation  to  such  high  temperattu-es  as  the  silver  and 
copper  points  (loc.  cit.),  using  for  calibration,  sulphur  that  had 
been  reboiled  many  and  few  times. 

We  may  therefore  say  with  a  considerable  degree  of  positive- 
ness  that  the  temperature  defined  by  the  S.  B.  P.  apparatus 
may  readily  be  reproduced  to  within  0^.05  with  reasonable  care; 
and  as  compared  with  the  fixed  points,  either  temperatures  of 
freezing  or  boiling,  given  by  any  of  the  chemical  elements,  the 
S.  B.  P.  is  the  one  the  most  exactly  defined,  the  most  certainly 
reproducible,. and  the  most  constant  yet  studied. 

Washington,  December  6,  1910. 


NOTE  ON  OSCILLATORY  INTERFERENCE  BANDS  AND 

SOME  PRACTICAL  APPUCATIONS 


By  George  O.  Squier  and  Albert  C.  Crefaore 


In  making  measurements  of  any  kind  the  observer  usually 
requires  that  some  form  of  mass  shall  be  moved.  The  agencies 
employed  to  move  this  mass  afford  a  convenient  means  of  classi- 
fjring  instruments  into  four  general  groups  according  as  the  forces 
are  applied : 

I.  Mechanically. 
II.  By  Heat. 

III.  By  the  Magnetic  Field. 

IV.  By  the  Electric  Field. 

These  groups  may  be  subdivided  by  taking  account  of  the 
maimer  in  which  the  matter  to  be  moved  is  observed.  The 
present  inquiry  chiefly  concerns  one  method  of  noting  this  in  an 
indirect  way  by  observing  the  motion  of  interference  bands  or 
fringes.  By  this  means  the  motion  of  the  matter  is  derived  and 
may  be  measured  accurately  if  desired. 

The  marvelous  beauty,  sensibility,  and  accuracy  of  light  inter- 
ference phenomena  are  well  known,  but  they  are  only  fully  appre- 
ciated by  those  very  few  specialists  who  devote  their  attention  to 
these  subjects.  Such  considerations  have  led  the  authors  to 
devise  some  new  types  of  instruments  which  are  simple  in  con- 
struction, portable,  and  yet  attain  a  sensibility  at  present  only 
reached  by  laboratory  apparatus.  Instruments  illustrative  of 
each  of  the  four  classes  above  mentioned  have  been  constructed. 

Interference  phenomena  in  light  are  many  and  varied  in  charac- 
ter, the  principal  examples  being  those  produced  by  thin  plates, 
including  Newton's  rings,  thick  plates,  reflection  by  mirrors, 
diffraction,  and  that  produced  by  two  similar  point  sources, 
together  with  additional  phenomena  due  to  polarization.  The 
instruments  to  be  described  make  use  of  interference  by  thin 
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plates  and  reflection  by  mirrors  and  opportunity  has  not  been 
presented  to  examine  other  methods  of  interference  applied  to 
similar  purposes. 

OSCHLATORT  BANDS 

If  a  plate  of  glass  is  laid  upon  a  second  plate,  which  may  be 
glass  or  any  substance  having  a  stuface  that  will  reflect  light,  it 
is  well  known  that  brilliant  bands,  being  alternately  light  and 
dark  in  character,  may  be  seen  by  reflection  if  the  source  of  light 
is  monochromatic.  The  geometrical  character  of  the  stuf  aces  can 
be  determined  by  observing  the  contour  of  the  curves  followed  by 
these  bands.  Ordinary  pieces  of  window  glass  produce  these 
bands  very  well,  but  they  are  curved  in  various  ways  indicating 
that  the  stufaces  are  not  plane.  If  the  surfaces  are  optically 
plane,  and  the  upper  plate  rests  by  its  own  weight  upon  the  lower 
plate,  the  bands  are  usually  formed  in  straight  lines.  The  more 
nearly  parallel  to  each  other  the  planes  become,  the  greater  the 
distance  between  the  bands.  The  two  planes  form  a  wedge  with 
a  very  small  acute  angle,  and  the  edge  of  this  wedge,  where  the 
planes  mtersect,  is  a  line  parallel  to  the  bands. 

A  pressure  applied  to  some  point  of  the  upper  plate,  so  as  to 
press  the  two  plates  nearer  together,  produces  two  separate  effects. 
It  alters  not  only  the  angle  of  the  wedge,  but  also  rotates  the  edge 
through  a  considerable  angle.  These  changes  affect  the  bands 
each  in  its  own  way,  the  first  broadening  them  and  increasing  the 
distance  between  adjacent  bands;  the  second  rotating  the  whole 
parallel  system  of  bands  by  the  same  angle  by  which  the  edge 
of  the  wedge  is  rotated. 

With  large  plates  the  air  imprisoned  between  them  retards  any 
rapid  motion  of  readjustment  after  a  pressure  is  applied,  but  with 
plates  of  smaller  area  and  mass,  from  5  to  10  millimeters  in 
diameter,  there  is  a  quick  response  to  a  change  of  pressure,  and 
the  angular  motion  of  the  bands  is  proportionally  greater  for  a 
given  change.  In  using  such  plates  in  the  instruments  to  be 
described  the  pressure  between  them  is  varied,  and  a  consequent 
motion  of  the  bands  produced,  an  alternating  force  causing  an 
oscillatory  motion  of  the  bands.  The  types  of  instruments  there- 
fore differ  according  to  the  means  for  varying  the  pressure. 
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I.  PRESSURE  MECHANICALLY  APPLIED 

Fig.  I  shows  an  instrument  for  detecting  or  measuring  small 
changes  of  pressure.  A  diaphragm,  D,  is  clamped  between  the 
solid  metal  pieces,  A  and  B,  in  such  manner  as  to  enclose  a  small 
air  chamber,  C,  provided  with  an  outlet,  T.  At  the  center  of  the 
disc  is  cemented  a  piece  of  plane  optical  glass.  Pi,  and  upon  this  a 
similar  plate,  P„  is  laid,  merely  resting  by  its  own  weight.  An 
observer  looks  into  the  instrument  from  above  and  sees  the  light 
from  some  convenient  monochromatic  source  reflected  from  the 
two  glass  plates.  The  interference  bands  appear  clear  and  dis- 
tinct and  are  straight. 

Any  change  of  pressure  of  the  ai^  within  the  chamber,  C,  the 
atmospheric  pressure  without  remaining  constant,  deflects  the 
diaphragm  and  car- 
ries both  plates  to- 
gether, either  up  or 
down,  according  to 
circumstances,  but 
this  alone  will  not 
change  permanently 
the  pressure  between 
theglassplates,which 
is  necessary  to  move 
the  bands.      If  the 


Fig.  1.  Section  of  Interfertnce  Instrument  for  Varying  the  Pressure 
Mechanically,    Designed  for  Physiological  Measurements 


Upper  plate  were  held  stationary  with  respect  to  the  frame,  A  B, 
while  the  lower  plate  moved,  this  would  .move  the  bands.  The 
object  may  be  accomplished  in  a  very  simple  manner  by  the  use 
of  a  rigid  steel  rod  or  "pointer"  attached  to  the  frame  and 
adjustable  until  it  makes  contact  with  the  upper  glass  plate. 

In  adjusting  this  pointer  the  bands  change  to  a  new  position 
at  the  first  contact  and  remain  as  long  as  the  pressure  is  the  same. 
For  a  given  setting  of  the  pointer  an  increase  of  pressure  in  the 
chamber  moves  the  diaphragm  outward  and  increases  the  pressure 
between  the  glass  plates.  The  use  of  a  pointer  localizes  the  pres- 
sure at  one  point  of  the  upper  plate  and  produces  the  changes 
above  described.  The  bands  broaden  out,  and  their  direction 
revolves  through  an  angle  dependent  upon  the  amoimt  of  increase 
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of  pressure.  If  the  air  pressure  is  made  to  increase  and  decrease, 
the  system  of  bands  oscillates  in  phase  with  the  pressure  changes. 

The  pointer  is  so  constructed  in  a  ball  and  socket  joint,  the  ball 
being  split  so  that  the  pointer  slides  friction-tight  through  it,  that 
it  can  be  moved  easily  to  any  part  of  the  surface  of  the  upper 
*  glass  plate,  for  it  is  fotvnd  that  there  are  critipal  points  on  the 
plate  where  the  sensibility  of  the  instrument  is  greatly  increased. 
In  exploring  the  plate  with  the  pointer  for  an  initial  setting  it  has 
been  foimd  that  particular  areas  are  much  more  senstitive  to 
minute  changes  in  pressure  than  the  remainder  of  the  plate.  It  is 
easy  to  obtain  an  angular  motion  of  1 80  degrees  for  small  changes 
in  the  adjustment  of  the  pointer. 

With  this  instrument  a  sufficient  change  of  pressure  of  the  air 
is  obtained  to  oscillate  the  bands  through  a  large  angle  by  con- 
necting it  to  the  pulse  at  the  wrist  with  an  ordinary  stethoscope 
and  rubber  tube  as  shown  in  Fig.  2.  In  this  manner  the  char- 
acter of  the  htunan  heart  action  has  been  observed  visually  by 
the  movement  of  the  bands. 

Fig.  3  shows  two  photographic  cardiograms  taken  by  means  of 
the  instrument  shown  in  Fig.  i.  In  addition,  an  ordinary  camera 
having  a  plate  holder  adapted  to  move  the  plate  past  a  slit  and  a 
plane  glass  mirror  to  turn  the  light  reflected  from  the  interference 
plates  horizontally  into  the  camera  were  used.  A  very  convenient 
source  of  light  is  an  ordinary  commercial  mercury- vapor  lamp. 
It  does  not  give  pure  monochromatic  light,  but  the  bands  are  very 
distinct,  the  predominant  colors  being  violet  and  green.  For 
photographic  purposes  it  is  very  superior,  and  any  rapid  photo- 
graphic plate  gives  good*  results. 

n.  PRESSURE  PRODUCED  BY  HEAT 

In  the  diagram  Fig.  4  two  plates  of  ordinary  glass,  ABCD  and 
EFGH,  were  used,  the  lower  plate  being  first  silvered  over  its 
whole  surface  and  a  portion,  AJB  and  CKD,  removed.  The  silver 
remaining  includes  the  narrow  neck  JK  between  the  terminals  L 
and  M.  The  upper  plate  is  secured  by  clamps  so  as  to  cover  this 
neck,  leaving  an  area  for  observing  the  interference  bands  between 
the  plates.  Bands  appear  throughout  the  entire  extent  of  the 
upper  plate,  but  are  less  brilliant  over  the  silver.     Upon  passing 


Fig.  2.  Mtthod  of  Conntcling  ImtrumtHl  for  Obsemmg  Hsarl  Ai 
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an  electric  current  the  heat  developed  is  localized  in  the  narrow 
neck  at  the  center  of  the  plates.  At  this  point  the  glass  of  both 
plates  expands,  making  a  small  elevation  on  each  plate,  forcing 
them  apart  and  shifting  the  interference  bands.  In  a  first  attempt 
at  an  instrument  of  this  kind,  with  a  resistance  between  terminals 
of  51  ohms,  it  required  as  much  as  0.18  watts  to  cause  an  observ- 
able motion  of  the  bands.  Current  0.063  amperes  and  volts  2.9. 
Other  instruments  of  similar  construction  were  made  having  dif- 
ferent resistances  at  the  neck.     With  a  resistance  of  i  ,800  ohms, 


a'-f^a 


Fig.  4.   hatffnvHct  Inslrumml   OptriMd  by  Htat.      SOtnr  Btbvatn  Tuto 
PlaUi  of  Clan 

0.16  watts  were  required  to  move  the  bands  approximately  the 
same  as  above.     Current,  9  milliamperes. 

Approximately  the  same  number  of  watts  is  required  to  move 
the  bands  with  widely  different  resistances.  It  thus  appears  that 
this  amount  of  heat  is  a  quantity  imposed  by  the  nature  of  silver 
and  glass.  The  sensibility  is  limited  by  their  coefficients  of  expan- 
sion. Hard  rubber  was  tried  as  being  a  substance  of  large  coeffi- 
cient of  expansion,  but  since  it  is  opaque,  the  bands  were  observed 
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from  the  opposite  side  of  the  silvered  plate.  They  can  only  be 
seen  over  those  portions  of  the  glass  where  the  silver  is  absent,  and 
are  not  so  brilliant  with  rubber  as  with  glass,  but  yet  sufficiently 
distinct  to  be  used.  The  coefficient  of  expansion  of  hard  rubber 
is  7  or  8  times  that  of  glass.  A  motion  of  the  bands  was  produced 
with  0.005  watts,  current  10  milliamperes,  and  resistance  50  ohms. 
Substituting  gutta-percha  for  hard  rubber  increased  the  sensi- 
bility to  0.0014  watts. 

Another  form  of  heat  instrument,  Fig.  5,  represents  a  glass 
plate  silvered  on  the  upper  surface  and  provided  with  terminals 
as  in  Fig.  4.     A  piece  of  mica,  as  nearly  plane  as  possible,  0.0075 
^  Q  mm  thick  and  i  cm  square 

is  pressed  against  the  glass 
so  as  to  cover  the  neck.     In 
this  condition  the  mica  ad- 
heres to  the  glass  so  that  it 
is    not    easily    displaced. 
The    bands    are    brilliant, 
having  various  curved  (fen- 
tours.      With    such   plates 
there  generally  occur  two 
kinds  of  critical  points,  one 
elliptical  and  the  other  hy- 
perbolic in  character.     The 
points  of  contact  are  at  the 
centers  of  elliptical  areas,  and  the  points  of  greatest  separation 
are  at  the  centers  of  two  sets  of  curves  hyperbolic  in  character. 
Any  motion  is  most  apparent  at  these  points,  and  the  sensibility  is 
increased  by  moving  the  mica  plate  over  the  neck  so  as  to  bring 
one  of  these  critical  points  into  its  neighborhood. 

When  the  neck  was  cut  across  with  a  knife  edge  and  powdered 
graphite  substituted,  the  sensibility  was  as  follows: 
Resistance  1 29  ohms. 

Current  0.00093  amperes. 

EMF  0.12  volts. 

Power  o.oooi  13  watts. 


E'"-      -   ^ 
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This  increase  in  sensibility  is  due  to  the  small  mass  of  the  mica 
plate  which  rested  without  clamps  by  its  own  weight  upon  the 
glass.  The  mica  being  easily  flexed  and  not  plane  exhibits  indi- 
vidual peculiarities.  The  time  required  for  the  bands  to  assume 
their  final  position  is  so  brief  that  Morse  signals  may  be  read  at  a 
rapid  rate  in  any  of  the  forms  of  heat  instnunents  described. 

m.  PRESSURE  VARIED  BY  THE  MAGNETIC  FIELD 

The  optical  apparatus  for  producing  oscillatory  bands  is  readily 
made  operative  by  the  magnetic  field.  A  convenient  method  is  to 
mount  the  glass  plates  upon  an  iron  diaphragm  acted  upon  by  a 
magnetic  field  as  in  a  telephone  receiver.*  The  order  of  magnitude 
of  the  sensibility  obtained  by  using  a  telephone  receiver  in  this 
manner  is: 


Resistance 

620  ohms. 

Current 

1.26  X  i6"*  amperes. 

EMF 

0.00077  volts. 

Power 

9.8  X  10""  watts. 

A  telephone  used  optically  in  this  way  is  applicable  to  wireless 
telegraphy.  Wireless  messages  have  been  received  by  merely 
removing  the  telephone  now  commonly  used,  and  substituting  the 
optical  telephone  in  its  place,  without  making  any  change  what- 
ever in  the  arrangement  of  the  electrical  circuits.  Both  the 
optical  receiver  and  the  telephone  receiver  have  been  used  simul- 
taneously by  the  same  person,  the  two  instruments  being  connec- 
ted in  circuit  at  the  same  time.  This  permits  an  observer  to  both 
see  and  hear  a  wireless  message  simultaneously.  The  probable 
advantages  of  two  physiological  senses  to  examine  corrobora- 
tively  and  simultaneously  a  jingle  phenomenon  are  worthy  of 
careful  investigation. 

When  no  signal  is  being  sent  from  the  transmitting  station,  the 
bands  remain  at  rest  in  a  given  fixed  position.  When  a  signal 
is  received  the  bands  rotate  quickly  to  a  new  position  depending 
upon  the  energy  of  the  received  signal  and  remain  in  the  new 
position  tmtil  the  termination  of  the  signal.  Dots  and  dashes 
are  thus*  easily  read. 

^  Bams. :  Am.  J.  Sd.  (4)  89  219;  1897. 
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In  adapting  a  telephone  to  vary  the  pressure  by  the  magnetic 
field,  it  should  be  remembered  that  it  is  designed  primarily  for  the 
ear,  whereas  what  is  here  desired  is  maximum  displacement  for  a 
minimum  of  applied  energy.  A  marked  increase  of  sensitiveness 
has  been  obtained  by  nothing  more  than  a  redistribution  of  the 
iron  in  the  diaphragm.  The  ultimate  sensibility  of  this  galva- 
nometer will  only  become  known  when  its  electro-magnetic  system 
has  received  the  same  careful  design  as  is  now  given  to  other 
galvanometers  for  special  ptuposes. 

It  is  frequently  desirable  to  make  measurements  of  alternating 
currents  of  low  frequencies.  Below  16  cycles  nothing  is  audible 
in  a  telephone ;  but  by  this  optical  method  the  useful  range  of  the 
telephone  is  extended  to  infra-sounds  of  very  low  frequencies 
such  as  are  required  by  ocean  cable  telegraphy. 

USE  OF  dRCULAR  REFLECTION  FRINGES  FROM  PLANE  PARALLEL 

MIRRORS 

In  the  interference  system  heretofore  described  the  glass  plates 
are  in  contact,  giving  phenomena  due  to  thin  plates.  A  different 
arrangement  has  been  used  in  which  these  plates  are  separated  by 
several  milluneters.  The  diagram,  Fig.  6,  shows  a  source  of 
monochromatic  light,  S,  partially  reflected  from  the  glass  plate, 
G,  placed  at  an  angle  of  45  degrees,  down  through  the  semitrans- 
parent  mirror,  P„  consisting  of  a  glass  plate  thinly  silvered  on 
the  lower  side,  to  the  lower  plate  P^,  which  is  thickly  silvered  and 
polished  on  the  upper  side.  Thence  it  is  reflected  perpendicularly 
upward,  part  of  the  light  passing  through  the  semi-transparent 
mirror,  P„  and  part  being  reflected  again  back  to  the  plate  P^. 
The  former  portion  passes  directly  to  the  eye  through  the  glass 
plate,  G,  and  the  latter  goes  over  the  sam^  course  after  reflection 
between  the  two  plates.  When  these  plates  are  adjusted  to 
parallelism  circular  fringes  are  perceived  by  the  observer  at  E 
looking  downward  into  the  plates  P^  and  P,.  This  arrangement 
is  a  modified  form  of  the  Fabry-Perot  interferometer  as  employed 
by  Priest.' 

The  lower  plate,  Pj,  is  mounted  upon  the  diaphragm,  D,  of  a 
telephone.     The  observer  sees  a  system  of  well-defined  concentric 

'  This  Bulletin,  5,  p.  xxo,  on  "A  New  Method  of  Detennining  the  Focal  Length  of  a 
Converging  Lens." 
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rings  which  expand  or  contract  as  the  distance  between  the  plates 
changes,  the  central  spot  becoming  alternately  light  and  dark. 

If  an  alternating  current  of  low  frequency  is  applied,  the  circles 
visibly  expand  and  contract  alternately.  As  the  frequency  is 
increased  the  motion  becomes  so  rapid  that  the  whole  field  may 
appear  uniformly  illuminated,  due  to  the  persistence  of  vision. 
At  30  cycles  some  traces  of  motion  are  visible,  but  at  60  the  field 
appears  uniform  if  the  current  is  suflRciently  large. 

When  used  as  a  telegraph  receiver  for  alternating  current,  dots 
and  dashes  are  read  by  noting  the  appearance  and  disappearance 
of    the    fringes.     No    apparent    motion    of    the    fringes,    but 
merely   their   pres- 
ence or  absence  in  a  ^  ^ 
fixed    position,    is 
seen  by  the  unaided 
eye. 

For  low  frequen-  a/V  I     I  y 


cies,  four  or  five  per 

second,  such  as  are 

obtained  in  an  ocean 

cable,  the  motion  of 

the    bands    may 

either  be  followed  by 

the  eye  or  recorded  p" 

photographically. 


C 


J  .  f  Vi  '       ^'  ^'  Dvagrammatk  Arrangement  of  Apparatus  for  Circular 

in   using    tnis         Reflection  Fringes.    Pressure  Varied  by  the  Magnetic  Tmld 

method,  external 

sounds  or  jars  vibrate  the  diaphragm  and  disturb  the  fringes. 
Even  talking  in  the  room  is  easily  seen.  No  trouble  from  this 
source  is  experienced  with  the  oscillatory  band  system  formed 
by  plates  in  contact.  On  the  other  hand,  the  fact  that  the 
diaphragm  is  perfectly  free  to  vibrate  in  the  circular  fringe  svstem 
makes  this  form  very  sensitive  to  alternating  currents. 

IV.  PRESSURE  VARIED  BY  THE  ELECTRIC  FIELD 

The  diagram.  Fig.  7,  shows  a  form  of  instrmnent  for  measuring 
changes  of  electromotive  force.  It  is  an  electrostatic  voltmeter, 
and  may  also  be  called  an  "  optical  condenser  "  in  that  the  motion 
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of  the  two  condenser  plates  is  observed  visually  as  the  electro- 
static field  between  them  is  varied. 

The  flexible  glass  plates,  A  &  B,  25  X  25  X  0.125  mm  are  each 
silvered  on  one  side,  the  silvered  sides  being  turned  toward  each 
other.  A  piece  of  paper,  C,  with  a  circular  hole  2.5  cm  in  diameter 
separates  the  plates  by  a  fixed  distance,  0.05  mm,  and  leaves  the 
condenser  with  air  between  the  plates  at  the  central  portion. 
Xhe  two  optically  plane  plates,  as  before,  are  placed  upon  the 

upper  glass  plate,  and  a  pointer 
fixed  to  the  frame  holding  the 
lower  plate  is  brought  to  bear  upon 
the  upper  plate.  When  the  poten- 
tial difference  is  changed  from  o  to 
20  volts  an  appreciable  motion  of  the 
bands  is  observed.  The  volt-sensi- 
bility is  increased,  however,  by  an 
initial  voltage  which  is  slightly  va- 
ried. A  change  from  106  to  108 
volts  produced  an  appreciable  motion 
of  the  bands.  The  sensibility  being 
proportional  to  the  difference  be- 
tween the  squares  of  the  electric 
fields,  the  change  in  the  first  case 
gives  400  as  the  difference  of  the 
squares,  and  in  the  second  case 
Fig.  7.  c^ihai  Cdndtnser.  Pressure  Va-  428 ,  values  within  the  errors  of  obser- 
ried  by  th,  Eiectnc  neicL    On.  Unit      ^^^^^^     Although  the  sensibility  is 

not  high  when  applied  to  measuring  small  voltages,  the  energy 
required  to  produce  a  deflection  is  a  small  quantity.  The  com- 
puted capacity  of  this  condenser  is  0.000085  mf  and  the  energy 
0.108  ergs.  This  is  roughly  equal  to  the  work  of  raising  i  milU- 
gram  i  millimeter. 

OPTICAL  COHDBNSSR  PILE 

Fig.  8  illustrates  a  pile  of  two  condensers,  one  above  the  other, 
the  upper  carried  on  a  small  glass  block,  D,  centrally  located. 
The  displacement  of  the  top  plate  of  the  pile  is  amplified  by  this 
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arrangement.  The  sensibility  of  the  two  condensers  is  practically 
twice  that  of  one  alone.  A  change  of  potential  difference  from 
o  to  10  volts  gives  an  indication  with  the  condensers  in  parallel. 
The  extent  to  which  condensers  may  be  added  in  this  manner  to 
advantage  depends  upon  the  mass 
of  the  moving  parts. 

This  superposition  of  units  is 
hardly  possible  in  the  electro- 
magnetic form  of  instrument. 

The  volt  -  sensibility  has  been 
further  increased  by  the  following 
construction.  A  thick  plane  glass 
plate  was  silvered  on  the  upper 
surface  and  one-half  removed.  A 
thin  glass  plate,  0.125  mm,  was 
prepared  in  the  same  manner.  A 
thin  coat  of  lacquer  was  baked  on 
one  of  the  silver  stuiFaces,  and  the 
thin  plate  laid  upon  the  thick  one 
with  the  silvered  portions  super- 
posed. Bands  are  observed  over 
the  unsilvered  area,  although  there 
were  two  coatings  of  silver  and  one  of  lacquer  between  the  glass 
surfaces.  The  volt-sensibility  is  a  change  of  potential  difference 
from  o  to  3.4  volts. 

COMPARATIVE  SENSITIVITIES  OF  ETE  AND  OF  EAR  INSTRUMENTS 

In  using  two  of  the  physiological  senses  to  observe  phenomena, 
a  comparison  of  their  ultimate  sensitivities  is  important.  In 
making  such  a  comparison,  the  frequency  of  vibration  is  a  most 
important  factor.  The  limits  of  sotmd  frequencies  which  affect 
the  ear  makes  this  evident.  These  are  of  course  not  definite,  but 
the  lower  is  not  far  from  1 6  periods  per  second.  At  this  limit  the 
sensitivity  to  the  eye  is  infinitely  greater  than  to  the  ear.  As  the 
frequency  is  continuously  increased,  the  sensitivity  to  the  ear 
rises  rapidly  and  the  ratio  falls.  In  the  present  state  of  our 
knowledge  it  is  not  known  to  what  minimum  value  this  ratio 
falls;  but  that  there  is  a  minimum  at  some  particular  frequency 
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seems  probable,  since  it  is  definitely  known  that  the  sensitivity  to 
the  ear  again  approaches  zero  at  an  upper  limit  in  the  neighbor- 
hood of  from  20000  to  40000  periods  per  second. 

The  energy  required  to  produce  sotmds  of  a  definite  amplitude 
rises  rapidly  with  increase  of  frequency,  and  the  properties  of 
the  atmosphere  at  these  high  velocities  are  far  different  from 
those  at  low  velocities.  Some  of  the  energy  required  to  vibrate 
a  diaphragm  is  absorbed  within  the  substance  of  the  diaphragm 
itself,  but  at  these  higher  frequencies  the  larger  portion  is  trans- 
mitted to  the  atmosphere.  By  placing  the  diaphragm  in  vacuo, 
and  observing  its  motion  by  interference  methods,  a  given  amotmt 
of  applied  energy  must  produce  a  very  large  increase  in  the  ampli- 
tude. In  this  manner  it  seems  probable  that  frequencies  of  vibra- 
tion of  solids  may  be  observed  and  measured  which  are  beyond 
the  limits  of  the  human  ear. 

The  authors  are  indebted  to  Brig.  Gen.  James  Allen,  Chief 
Signal  Ofl&cer  of  the  Army,  and  Dr.  S.  W.  Stratton,  Director  of 
the  Bureau  of  Standards,  for  facilities  furnished. 

Washington,  September  i,  19 10. 
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1.  OBJECT  OF  THE  WORK 

This  investigation  has  been  undertaken  for  the  purpose  of  look- 
ing into  the  possibility  of  using  the  excessively  plastic  clays,  which 
on  drying  by  any  commercial  method  show  great  losses  due  to 
cracking  and  checking,  by  subjecting  them  in  the  crude  state  to  a 
preliminary  heat  treatment  before  working  them  by  the  usual 
methods.  There  are,  especially  in  a  number  of  the  Western  States 
and  on  public  lands,  many  clays  of  this  sticky,  heavy  t3rpe  which 
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resist  all  ordinary  modes  of  preparation.  To  this  class  of  mate- 
rials belong  the  so-called  joint  and  swamp  clays  of  the  glacial 
regions  of  Ohio,  Indiana,  Illinois,  Wisconsin,  Minnesota,  North 
Dakota,  and  other  States  and  Territories. 

In  order  to  bring  out  clearly  the  various  effects  of  such  a  pre- 
Uminary  treatment,  extensive  laboratory  experiments  have  been 
made  on  small  and  large  samples  of  widely  differing  plastic  clays. 
Preheating,  rather  than  other  possible  treatments,  such  as  the 
admixttu'e  of  sand  or  sandy  clay  or  the  addition  of  salts  like  sodium 
carbonate  and  sodium  silicate,  has  been  chosen,  since  the  mixture 
with  nonplastic  materials  like  sand  presupposes  the  presence  of 
the  latter  within  a  reasonable  distance,  which  frequently  is  not  the 
case;  on  the  other  hand,  the  incorporation  of  soluble  salts  even  in 
very  small  amotmts  may  give  rise  to  the  appearance  of  disagree- 
able eflBiorescence  on  the  siuf  ace  of  the  ware.  Still  other  means  of 
dealing  with  this  problem,  such  as  the  exposiu'e  of  the  dug  clay 
to  freezing  during  the  winter  or  drying  out  in  the  summer,  are  not 
always  practicable  nor  effective.  Furthermore,  mechanical  dry- 
ing has  become  a  well-developed  feature  of  many  industrial  proc- 
esses, and  its  cost  is  in  part  compensated  by  the  resulting  regularity 
of  the  manufacturing  process,  the  possibiUty  of  eliminating  objec- 
tionable mineral  detritus  like  gravel,  lime  pebbles,  etc.,  and  other 
desirable  features. 

2.  GENERAL  CONDITIONS  OF  DRYING 

(a)  The  Plastic  State. — ^The  use  of  clay  in  the  arts  depends 
upon  its  plasticity,  the  property  of  retaining  any  shape  into  which 
it  is  molded,  supplemented  by  its  quality  of  hardening  to  a  stone- 
like mass  when  dried  and  burnt.  The  cause  of  plasticity  has  been 
made  the  subject  of  elaborate  discussions,*  but  as  yet  no  exact 
explanation  has  been  found  for  it.  The  most  convincing  experi- 
mental researches*  ascribe  the  phenomenon  of  plasticity  to  the 
presence  of  colloidal  substances  which  behave  in  many  respects 

^  For  an  excellent  summary,  see  Heinrich  Ries:  Clays,  Their  Properties  and  Occur- 
rence. 

'Scbloesing:  Compt.  Rend.  79,  pp.  376^80,  473-77,  1874.  Van  Bemmelen,  Zs.  f. 
anorg.  Chemie,  18, 14-36, 18,  9S-146.  Cushman,  A.  S.,  The  Colloid  Theory  of  Plas- 
ticity, Trans.  Am.  Ceramic  Soc.,  6,  65-78;  On  the  cause  of  the  cementing  value  of 
rock  powders  and  the  plasticity  of  clays,  J.  Am.  Chem.  Soc.  25,  451-468.  Ashley » 
H.  E.,  Bull.  388,  U.  S.  Geological  Survey. 
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similarly  to  the  typical  colloids,  such  as  silicic  acid,  ferric  hydrox- 
ide, aluminum  hydroxide,  gelatine,  glue,  etc.,  in  that  they  show 
the  phenomena  of  hydrolysis,  osmosis,  adsorption,  the  ability  to 
change  from  the  gel  to  the  sol  form  and  vice  versa  in  the  presence 
of  an  excess  of  positive  or  negative  ions,  the  property  of  shrinking 
in  apparent  voltune  down  to  a  certain  point  proportionally  to  the 
loss  of  water,  and  the  character  of  their  dehydration  and  vapor 
tension  curves. 

This  view  therefore  appears  to  oiSer  the  most  satisfactory  basis 
for  explaining  the  properties  of  clays  and  seems  to  reconcile  some 
of  the  older  theories  which  have  been  proposed. 

We  may  then  assume  that  the  cementing  substance  of  clays  is 
represented  by  some  colloid,  not  necessarily  of  a  definite  chemical 
composition  nor  always  of  the  same  physical  character,  which  pos- 
sesses a  more  or  less  marked  micellean  structure  in  which  water 
is  held  in  the  free  and  absorbed  condition.  Owing  to  the  fact 
that  clays  are  of  different  origins  and  are  subjected  to  variotis 
modifying  conditions  during  and  after  deposition,  it  is  very  prob- 
able that  they  are  made  up  of  colloidal  substances,  which  vary 
widely  as  regards  their  physical  structure.  Thus  the  clay  sub- 
stance of  the  light  burning,  plastic  clays  is  botmd  to  differ  consid- 
erably from  that  of  the  red  binning  stuface  clays  and  shales,  not 
only  in  amotmt,  but  in  character  as  well.  Again,  in  many  clays, 
especially  those  of  primary  origin,  the  transition  of  the  crystal- 
line matter  to  the  colloidal  condition  still  goes  on,  due  to  weather- 
mg  and  other  agencies.  This  applies  particularly  to  materials  of 
the  kaolin  type.  In  other  types  the  colloidal  clay  substance, 
has  been  in  part  "set"  by  certain  geological  conditions,  though 
not  irreversibly.  In  these  a  close  and  dense  structure  prevails  which 
does  not  absorb  water  imtil  the  latter  is  forced  into  the  pores  by 
grinding  and  pugging.  Clays  of  this  type  therefore  show  but  a 
feeble  initial  plasticity,  but  become  workable  by  energetic  mechani- 
cal treatment.  Fire  clays  and  shales  are  especially  apt  to  show 
this  kind  of  behavior. 

It  seems  to  be  a  fact,  however,  that  plasticity  as  measured 
by  the  abiUty  of  the  clay  to  be  molded,  and  to  flow  through  dies, 
is  dependent  upon  the  development  of  this  water-saturated  micel- 
lean structure. 
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Equally  important  with  the  degree  to  which  this  condition  of 
the  cementing  substance  is  developed  is  the  amotmt  and  character 
of  the  nonplasdc  constituents  of  the  clay  which  affect  the  plas- 
ticity as  well  as  the  resulting  density  of  the  clay  body.  This  inert 
mineral  matter,  consisting  of  grains  of  quartz,  feldspar,  mica, 
limestone,  pjrrites,  augite,  hornblende,  etc.,  not  only  dilutes  the 
plastic  clay  substance,  but  by  virtue  of  its  granulometric  com- 
position, becomes  a  prominent  factor  in  determining  the  resulting 
plasticity,  drying  shrinkage,  ease  of  drying,  and  final  density. 

Since  it  is  necessary  to  assume  that  each  grain  of  nonplastic 
material  be  surrotmded  by  an  envelope  of  plastic  substance,  it  is 
readily  seen  that  the  extent  of  the  surface  exposed  by  these  par- 
ticles is  of  great  importance  in  regard  to  the  plasticity  and  capillary 
structiu-e. 

Considering  the  subject  theoretically  and  assiuning  that  the 
oystalline  grains  are  spherical  in  shape  and  fill  a  certain  tmit 
volume  as  compactly  as  possible,  it  can  easily  be  shown  that  the 
total  pore  space  remains  constant  at  30.3  per  cent  of  the  total 
voliune,  but  that  the  surface  exposed  by  the  grains  varies.  If,  for 
instance,  the  size  of  the  particles  were  reduced  from  a  diameter  of 
0.75  mm  to  0.25  mm,  the  total  stuface  exposed  tmder  the  above 
conditions  would  be  three  times  as  great  as  before.  On  assuming 
a  reduction  in  size  from  0.75  mm  to  0.125  J^^»  the  siuface  would 
become  six  times  as  large.  Or,  speaking  more  generally,  the 
surface  exposed  by  different  sizes  of  grain  would  be  inversely  pro- 
portional to  the  diameter.  The  surface  of  compactly  arranged 
spherical  particles  in  imit  voliune  would  vary  as  4.1845  (i  -^d), 
i.  e.,  proportionally  to  the  product  of  a  constant  and  the  reciprocal 
of  the  diameter. 

Assuming  that  each  particle  must  receive  an  envelope  of  plastic 
matter  of  uniform  thickness,  it  is  evident  that  the  smaller  grains 
would  require  a  larger  amotmt  of  this  material  than  the  particles 
of  greater  diameter.  It  is  conceivable,  therefore,  that  a  definite 
voltune  of  clay  might  prove  insufficient  to  coat  a  large  number  of 
very  fine  grains,  while  the  same  quantity  would  be  ample  for  an 
equivalent  volume  of  larger,  nonplastic  particles.  In  the  latter 
case,  therefore,  we  should  expect  to  find  greater  mobility  of  the 
mass  as  a  whole,  owing  to  the  thicker  enveloping  layers  which  are 
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made  possible,  i.  e.,  the  larger  grains  reduce  the  plasticity  of  the 
clay  less  than  the  finer.  By  analogy  it  appears,  then,  that  the  ten- 
sile strength  of  the  clay  would  be  the  greater  the  larger  the  average 
size  of  the  granular  matter,  provided  the  total  amount  is  kept 
within  proper  limits. 

If  the  nonplastic  particles  are  not  uniform  in  size,  it  is  evident 
that  the  pore  space  between  the  granular  skeleton  is  decreased 
and  it  is  possible  to  asstune  a  combination  which  will  result  in 
maximum  density.  Of  two  sands  mixed  with  the  same  weight  of 
clay,  the  one  producing  the  smaller  volume  of  clay-sand  mixture 
will  show  the  greater  density.  The  granulometric  relations  hold- 
ing between  the  various  sizes  of  granular  matter  in  clay  are  similar 
to  those  applying  to  cements,  as  shown  by  the  experiments  of 
Feret,*  although,  however,  there  are  certain  differences  inherent  in 
the  nature  of  clay. 

It  is  seen,  hence,  that  not  only  the  amoimt  and  character  of  the 
colloidal  clay  matter,  but  also  the  amount  and  sizing  of  the  non- 
plastic  constituents  govern  the  resulting  plasticity.  In  addition, 
other  factors  are  bound  to  be  of  more  or  less  influence,  such  as  the 
shape  of  the  nonplastic  particles,  the  presence  of  organic  matter, 
various  salts,  bases,  or  acids. 

(6)  The  Evaporation  of  Water  from  Clay. — In  making  up  dry 
clay  with  water  to  form  a  plastic  mass  which  may  be  shaped 
and  molded,  the  resulting  volume  is  somewhat  greater  than  the 
sum  of  the  voltunes  of  clay  and  water.  In  this  condition  the  clay 
particles,  both  plastic  and  granular,  are  surrounded  on  all  sides 
by  a  film  of  water,  while  small  pools  or  drops  fill  the  cavities  and 
pores  between  the  grains.  A  tortuous  system  of  capillaries  is  thus 
established  which  are  wider  in  some  places  and  narrower  in  others. 
When  placed  in  an  atmosphere  sattirated  with  moisttire,  equilib- 
rium conditions  are  reached  when  no  flow  of  water  whatever  takes 
place  in  these  minute  channels.  As  soon  as  the  humidity  is 
lowered,  however,  evaporation  begins  to  take  place  on  the  sur- 
face, and  every  particle  of  water  thus  removed  must  be  replaced 
through  the  capillary  channels  from  the  interior.  The  rapidity  of 
this  movement  depends  upon  the  structure  of  the  clay — i.  e., 
whether  the  capillaries  are  fine  and  intricate  or  coarse  and  short — 

'Bull,  de  la  Societe  d 'Encouragement,  2,  p.  1604;  1897. 


148  BtUletin  of  the  Bureau  of  Standards.  [Voi.7,  No.  2. 

and  upon  the  temperature  and  humidity  of  the  outside  air. 
Open  structure,  high  temperature,  and  low  humidity  result  in 
maximum  capillary  flow  and  vice  versa.  Since  the  spongelike  col- 
loidal matter  with  its  immense  smface  and  fine  pores  offers  the 
greatest  resistance  to  the  passage  of  water,  it  is  obvious  that 
in  highly  plastic  clays  the  movement  of  the  water  through 
the  capillaries  must  be  very  slow,  it  having  been  estimated  that 
the-  resistance  to  this  flow  is  inversely  proportional  to  the 
fourth  power  of  the  diameter  of  the  channels.  The  capillary  flow 
continues  to  grow  weaker  tmtil  the  films  become  very  thin  and 
finally  break  altogether.*  The  water  remaining  within  the  col- 
loidal interstices  and  within  the  pores  in  isolated  films  is  expelled 
with  increasing  difficulty,  and,  owing  to  its  low  vapor  pressure, 
requires  a  high  temperature  for  its  complete  expulsion. 

Considering  now  the  drying  of  clay  from  the  experimental  stanjj- 
point,  the  relation  between  shrinkage  and  loss  of  water  during  this 
process  might  be  examined  in  a  specific  instance.  The  curves  of 
figure  I  represent  the  linear  shrinkage  of  a  clay  sphere  in  terms  of 
the  diameter  in  the  dry  state  and  the  loss  in  weight  expressed  in 
per  cent  of  the  dry  weight  plotted  against  the  time  of  drying  in 
hours.*  The  sphere  was  7.1 1  cm  in  diameter  in  the  wet  state  and 
was  carried  through  the  drying  stage  in  an  oven  maintained  at  a 
constant  temperature  of  60°  C,  When  a  loss  in  weight  was  no 
longer  observed,  the  temperattu-e  was  raised  to  120°,  and  finally 
to  200°.  In  each  case  the  same  temperature  was  maintained  tmtil 
the  weight  was  constant.  It  is  noted  that  down  to  a  certain  point 
the  rate  of  shrinkage  is  proportional  to  the  rate  of  the  loss  in  weight, 
then  the  shrinkage  becomes  less  than  the  loss  of  water,  and  finally 
it  ceases,  while  the  clay  continues  to  evaporate  water.  The  point 
at  which  shrinkage  no  longer  takes  place  and  where  the  clay  grains 
are  supposed  to  come  in  contact  with  each  other  is  used  to  dis- 
criminate between  two  kinds  of  water.  On  drawing  through  this 
point  a  line  parallel  to  the  abscissa,  the  water  lost  above  it  repre- 
sents the  shrinkage  and  that  below  it  the  so-called  pore  water. 
Neither  term  is  rigidly  exact,  since  in  some  materials,  especially 

*  Studies  on  the  Movement  of  Soil  Moisture,  E.  Buckingham,  Bureau  of  Soils,  Bull. 
No.  381  p.  41. 
'E.  P.  Lines,  Note  on  the  Drying  of  Clays,  Trans.  Am.  Ceram.  Soc.,  10,  p.  146. 
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of  the  porous,  feebly  plastic  tjrpe,  the  first  loss  in  water  is  not 
necessarily  equivalent  to  the  shrinkage,  and  again  the  pore  water 
includes  also  the  adsorbed  water  and  the  water  of  imbibition. 

The  loss  of  water  continues  at  a  decreasingly  slower  rate  until 
the  weight  is  constant  at  the  given  temperature.  Upon  raising 
the  temperature  more  water  is  expelled  and  this  continues  until 
finally  the  last  residual  portion  is  set  free.  The  decreasing  rate 
of  the  water  loss  is  evidently  due  to  the  decreased  capillary  con- 
ductivity •  brought  about  by  the  reduction  in  the  ntmiber  of  the 
capillary  paths,  the  effect  of  surface  tension  and  adsorption  phe- 
nomena and  with  them  the  decrease  in  vapor  pressure. 

Upon  bringing  clay  dried  at  atmospheric  temperature  again  in 
contact  with  water  the  latter  will  at  once  be  absorbed  and  the  air 
within  the  network  of  capillaries  expelled  with  the  evolution  of 
heat.  The  colloidal  matter  will  swell  in  taking  up  the  water  so 
that  not  only  the  pores  of  the  clay  mass  become  filled,  but  a  certain 
amount  of  the  water  is  absorbed  into  the  micellean  structure. 
Clay  invariably  takes  up  water  more  readily  in  the  dry  than  in 
the  moist  condition. 

•  The  water  of  the  clay,  as  may  be  inferred  from  the  fact  that  its 
vapor  tension  constantly  becomes  smaller,  is  by  no  means  expelled 
completely  when  the  specimen  has  reached  the  "bone-dry"  con- 
dition at  the  temperatures  of  the  commercial  dryers.  According 
to  the  nature  of  the  clay  and  its  structure  more  or  less  mechanical 
moisture  remains  which  is  given  off  only  at  higher  temperatures. 
This  so-called  hygroscopic  water  which  is  held  so  tenaciously 
usually  remains  to  be  driven  off  in  the  kiln.  It  is  evident  there- 
fore that  this  moisture  is  readily  absorbed  by  dry  clay  from  the 
air.  In  Table  I  the  results  of  drying  12  clays  at  temperatures 
from  6o®-2oo°  C  are  shown;  at  each  temperature  the  drying  was 
continued  until  the  weight  became  constant. 

The  increase  in  volume  on  the  addition  of  water  to  dried  clay  is 
practically  equal  to  its  previous  shrinkage  on  drjdng,  provided  the 
material  has  not  been  subjected  to  a  higher  temperature  while  in 
the  dry  state.  If  this  has  been  the  case  the  amount  of  water  again 
taken  up  and  the  increase  in  voltune  will  be  distinctly  less,  and 
this  is  the  more  pronoimced  the  higher  the  heating  has  been  carried. 

*  Edgar  Buckingham,  Bull.  38,  Bureau  of  SoilSi  p.  43. 


1 


Preliminary  Heat  Treatment  of  Clays. 

TABLE  I 

Loss  in  Dry  Weight  on  Heating 
In  per  c«nt  of  the  dry  wei^ 
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4 

5 

6 

7 

8 

9 

10 

U 

12 
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0.23 
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.25 

1^ 
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0.11 
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.75 
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.16 

.14 

.93 
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0.42 

.004 

.40 

1.17 

38^ 

0.10 
.10 
.32 

1.30 
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0.48 
.006 

J2 
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0.49 
J4 
.18 

1.36 
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OUK 
0 
0 

.277 
28.72 

OM 
M 

0 
.24 
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0.33 

Mi 

.U 

.64 

24.59 

.27 
M 

30.72 

OM 

Lon  nl  ISO*  . .      

.12 

Lon  ■!  110* .   .         ... 

MS 

Lon  at  too* 

1.20 

LoH  at  60* .   . .      

49.80 

TMalloM 

62.05 

21.15 

39.25 

40.83 

47.43 

44.49 

31 J6 

29.06 

46J3 

zsjsr 

32.82 

51.43 

This  is  in  accord  with  the  results  obtained  by  Van  Bemmelen  ^ 
with  silicic  acid  gels  in  which  he  noted  a  distinct  lag  in  the  absorp- 
tion of  water  on  rehydration.  He  found  that  at  first  the  liquid 
between  the  pores  of  this  colloidal  material  left  at  a  rate  corre- 
sponding to  the  evaporation  of  free  water.  This  was  found  to 
hold  true  for  a  water  content  of  from  120-125  molecules. 

Below  this  point  the  liquid  within  the  micellean  interstices  evap- 
orates at  a  continually  slower  rate  owing  to  the  narrowing  of 
the  capillaries.  Also  the  vapor  tension  of  the  colloid  decreases 
steadily,  corresponding  to  the  decrease  in  the  content  of  absorbed 
liquid.  At  the  same  time  constant  changes  occur  in  the  physical 
condition  of  the  substance  which  are  slow  at  ordinary  but  accele- 
rated at  higher  temperatures. 

Van  Bemmelen  studied  the  inversion  points  by  placing  the 
silicic  acid  gels  into  desiccators  containing  36  concentrations  of 
sulphtuic  acid  and  hence  corresponding  to  36  aqueous  tensions. 
He  found  several  inversion  points  in  the  resulting  dehydration 
curve.  First,  the  substance  becomes  dull  and  fluorescent,  then 
white  like  porcelain,  and  finally  opaque  white,  like  chalk,  without 
gloss.  This  inversion  changes  the  dehydration  curve,  since  for  a 
distance  it  runs  parallel  to  the  abscissa.  The  capacity  to  hold 
water  then  decreases  more  rapidly  than  before  the  inversion  point. 
On  continuing  the  dehydration  still  further  the  dimness  disappears 
just  as  it  appeared.     The  gel  becomes  porcelainlike,  of  bluish 

^  Zs.  f.  anorg.  Chem.  18,  14-36;  iS,  98-146;  20,  185-aii. 


152  Bulletin  of  the  Bureau  of  Standards.  ivcLt.Ncm. 

fluorescence,  and  finally  as  clear  as  glass,  remaining  thus  until  the 
final  dehydration.  Also,  when  the  gel  is  at  once  exposed  to  higher 
aqueous  tensions,  after  the  inversion,  it  becomes  gradually  homo- 
geneous and  clear  as  glass.  These  inversions  may  be  repeated, 
and  they  are  hence  reversible  under  certain  conditions.  It  is 
evident  therefore  that  certain  changes  occur  in  the  micellean 
structure  of  the  colloid  at  these  inversion  points  forming  new  coag- 
ulations which  disturb  the  continuity  of  the  dehydration  curve. 

By  taking  now  the  silicic  acid  pats  which  have  been  carried  on 
to  the  lowest  aqueous  tension  (most  concentrated  sulphuric  acid) , 
and  placing  them  in  the  desiccators  containing  the  more  dilute 
sulphuric  acid  solutions  rehydration  takes  place.  Van  Bemmelen 
in  again  plotting  the  molecules  of  water  at  each  stage  against  the 
aqueous  tension  then  found  that  the  dehydration  curve  was  not 
reproduced,  but  that  a  distinct  lag  was  observed  analogous  to 
hysteresis — ^i.  e.,  while  a  certain  aqueous  tension  in  the  case  of  the 
fresh  silicic  acid  corresponded  to  a  certain  amount  of  water,  the 
same  tension  in  the  rehydrated  substance  was  equivalent  to  a 
smaller  amount  of  water. 

While  a  homogeneous  substance  like  silicic  acid  is  not  strictly 
comparable  to  a  heterogeneous  mixture  like  clay,  certain  obser- 
vations bearing  on  the  one  might  be  utilized  in  connection  with 
the  other.  The  question  which  naturally  arises  is  to  what  extent 
the  plasticity  of  clays  and  its  related  phenomena,  such  as  shrink- 
age, are  reversible  on  heating  clays  up  to  temperatures  still  con- 
siderably below  the  dehydration  point  at  which  practically  all 
clays  lose  their  working  quality  completely.  It  has  generally 
been  understood  that,  up  to  the  temperature  at  which  the  com- 
bined water  is  expelled,  the  plasticity  and  water  absorption  are 
to  a  large  extent  reversible;  that  is,  the  cla3rs  are  able  to  resume 
a  large  share  of  their  original  plasticity.  On  the  other  hand  it 
has  been  realized  that  a  certain  lag  is  observable  since  in  pottery 
work  it  has  been  found  that  the  dried  ware  which  is  again  returned 
to  the  plastic  state  does  not  possess  the  same  working  quality 
on  the  jigger  that  it  possessed  originally.  Whether  on  sufficient 
working  and  aging  the  clays  would  resume  their  initial  plasticity 
is  an  open  question,  though  it  would  seem  very  likely  that  this 
would  be  the  case  as  far  as  the  usual  dried  clay  is  concerned. 
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(c)  Shrinkage. — In  a  general  way  the  conditions  governing  the 
rate  of  drying  of  clays  have  been  indicated.  As  has  been  pointed 
out  the  true  volume  of  the  dry  clay  plus  the  volume  of  water 
required  to  produce  plasticity  is  less  than  the  resulting  apparent 
volume  of  the  mass.  This  may  be  due  to  air  mechanically  inclosed, 
to  flaws  in  molding,  and  volume  changes  due  to  the  action  of 
dissolved  salts  upon  the  clay  gel. 

In  a  series  of  experiments  the  volume  changes  taking  place  on 
working  up  a  number  of  dry  clays  have  been  measured  very  care- 
fully, the  results  of  which  are  compiled  in  Table  II. 

TABLE  n 
Volume  Changes  in  Working  Dry  Clays 
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A  short  experimental  series  was  also  undertaken  for  the  purpose 
of  showing  the  rate  at  which  several  cla3rs  lose  their  residual  water 
when  subjected  to  conditions  of  decreasing  vapor  tensions.  Five 
clays  were  made  up  into  thoroughly  homogeneous  plastic  pastes 
and  placed  into  tared  capsules  provided  with  tight  fitting  lids 
and  weighed. 

The  clajrs  thus  treated  in  the  order  of  their  apparent  plasticity 
and  difficulty  of  drying  are  as  follows : 

No.  I.  An  impure,  exceedingly  plastic  glacial  clay  from  Fort 
Pierre,  N.  Dak. 

No.  3.  A  ball  clay  from  Whitlock,  Tenn.,  through  the  Potter's 
Supply  Company. 
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No.  6.  A  very  plastic  kind  of  fire  clay  from  Edwards  County, 
Tex. 

No.  7.  A  plastic  glacial  clay  from  Albert  Lea,  Minn. 

No.  10.  A  high  grade  English  china  clay,  Pool  No.  i. 

Of  each  clay  five  such  samples  were  prepared.  Five  concen- 
trations of  sulphuric  acid  were  then  made  up,  of  which  a  sufficient 
quantity  was  poured  into  each  of  five  desiccators.  These  solu- 
tions of  sulphuric  acid  represented  final  vapor  tensions  of  from 
12  to  0.15  mm,  at  25®  C,  taking  the  water  given  off  by  the  clays 
into  account.  After  weighing  the  closed  capsules  containing  the 
clay  samples,  which  averaged  about  five  grams,  the  covers  were 
removed  and  one  pat  of  each  clay  placed  in  every  desiccator. 
They  were  allowed  to  remain  in  these  for  2 1  da)rs  when  they  were 
again  weighed.  The  room  temperature  fluctuated  between  21® 
and  26°  C.  It  was  thus  possible  to  compare  the  water  losses  suf- 
fered by  each  clay  for  the  difference  in  vapor  tension  given  above 
by  subtracting  from  the  percentage  of  water  at  12  mm  the  per- 
centage contents  at  the  lower  tensions.  In  this  way  the  ctu-ves 
of  Fig.  2  were  obtained.  In  these  only  the  residual  water  is 
considered,  beginning  with  the  amotmt  of  water  left  imder  a  vapor 
tension  of  1 2  mm  to  which  all  clays  were  subjected.  It  is  at  once 
observed  that  the  amount  of  the  residual  water  varies,  being 
largest,  5.3  per  cent,  in  the  case  of  No.  i  and  lowest,  0.85  per  cent, 
for  No.  10.  The  more  plastic  and  "sticky"  clays,  therefore,  show 
the  highest  water  loss  for  the  given  difference  in  vapor  tension. 
It  is  evident  from  this  that  the  rate  of  drying  at  a  constant  tem- 
perature likewise  varies  for  the  different  clays  being  slowest  in  the 
most  plastic  materials.  These  facts  indicate  not  only  varying 
amounts  of  plastic  clay  base  in  the  different  clays,  but  deep- 
seated  variations  in  the  micellean  structure  itself  as  well,  since 
it  is  hardly  probable  that  the  larger  content  of  residual  water 
remaining  in  an  impure  material  such  as  No.  i  could  be  attributed 
to  a  higher  content  of  theoretical  clay  substance  (Al,Os2SiO,.2H,0) 
than  is  contained  in  the  far  purer  clays  Nos.  3,  6,  and  10. 

After  having  been  replaced  in  the  desiccators  the  samples  were 
again  weighed  after  three  months  and  were  foimd  to  possess 
practically  the  same  weight.  It  seems  thus  that  the  conditions 
of  equilibritun  had  been  approached  sufficiently  close  for  the 
purpose  of  the  experiment. 
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Fig.  2. — Relation  betivetn  loss  of  water  and  vapor  tension  of  fire  clays. 

The  diying  shrinkage  of  a  homogeneous  clay  body  of  geomet- 
rical s)rmmetry,  free  to  contract,  is  wiiform  in  all  directions. 
The  most  accurate  valuation  of  shrinkage  is  obtained  by  means 
of  volume  measiu:ements,  though  for  practical  work  the  linear 
dimensions  in  the  wet  and  the  dry  state  will  suffice.  The  linear 
shrinkage  is  readily  deduced  from  the  volumetric  values  by  the 
relation: 

where  v^  and  v^  are  the  volumes  in  the  wet  and  the  dry  state, 
respectively,  and  /  is  the  linear  shrinkage  in  terms  of  the  wet 
length.     If  the  linear  contraction  is  desired  in  terms  of  the  dry 

length,  the  denominator  of  course  becomes  'V^-  ^^'^  assiunp- 
tion  commonly  made  that  the  voltmie  shrinkage  is  equal  to  three 
times  the  linear  shrinkage  is  not  sufficiently  exact  even  for  prac- 
tical ptuposes.  If  the  initial  (wet)  voltune  is  assumed  to  be 
unity  and  a = linear  shrinkage,  the  dry  voltmie  becomes  (i  —  a)', 
71132® — II 2 
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or  I —3a -f  3a'  — a*.  The  shrinkage,  therefore,  =  30  — 30'+ a',  in 
which  the  term  a'  may  be  neglected,  but  not  3a'. 

Owing  to  the  fact  that  the  amount  of  water  used  in  making 
up  the  same  clay  is  not  constant,  the  apparent  volume  of  a  Iiunp 
of  a  definite  weight  of  dry  clay  varies  somewhat  even  with  the 
most  painstaking  manipulation.  Likewise  the  pore  space  remain- 
ing in  the  dried  material  does  not  remain  the  same  in  each  case. 
For  this  reason  it  has  been  thought  advisable  to  express  the 
volume  shrinkage  in  terms  of  the  true  clay  voliune;  i.  e.,  weight 
of  dry  clay  divided  by  its  density  in  the  powdered  state. 

In  the  study  of  the  drying  behavior  of  clays  two  factors  are  of 
considerable  significance,  viz,  the  amotmt  of  water  required  to 
produce  a' plastic  mass  and  the  shrinkage  on  drying.  Ordinarily 
the  more  plastic  and  difficultly  drying  clays  require  the  highest 
amotmts  of  water  and  show  the  greatest  drying  shrinkage,  although 
there  are  exceptions  to  the  rule.  Some  materials,  owing  to  pecu- 
liar conditions,  such  as  excessive  fineness  of  the  granular  matter, 
may  dry  more  difficultly  with  lower  water  of  plasticity  and  shrink- 
age than  clays  with  higher  water  content  and  shrinkage. 

In  seeking  for  approximate  values  expressing  the  drjdng 
behavior  of  a  clay  by  means  of  an  experimental  test  it  is  neces- 
sary to  know  the  total  amoimt  of  water  required  to  develop 
plasticity,  the  volume  shrinkage,  and  the  time  required  to  evap- 
orate the  shrinkage  water  at  a  constant  temperature.  This 
means  that  the  length  of  the  test  specimen  must  be  carefully 
measured  at  short  intervals.  Then,  knowing  the  time  required 
to  reach  the  point  at  which  shrinkage  ceases,  and  the  total  shrink- 
age, an  estimate  may  be  made  of  the  drying  behavior  of  the  clay 
by  multiplying  together  the  values  obtained  for  time  and  shrink- 
age. This  numerical  expression  is  inversely  proportional  to  the 
ease  with  which  it  dries. 

For  the  purpose  of  illustration  the  following  description  of  a 
similar  experiment  might  be  cited."  Spheres  of  clay  7. 11  cm  in 
diameter  were  made,  maintained  for  some  time  under  conditions 
of  moisture  saturation  in  order  to  establish  a  condition  of  equi- 
librium, and  then  placed  in  an  oven  at  a  constant  temperature 
of  60®  C,  regulated  by  means  of  a  thermostat.     The  diameter  of 

■  E.  F.  Lines,  Trans.  Am.  Ceram.  Soc.  ii,  146. 
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the  sphere  was  measured  from  time  to  time  by  means  of  a  vernier 
caliper.  Thus  the  point  was  determined  at  which  shrinkage 
ceased.  A  shale  was  found  to  possess  a  linear  shrinkage  of  4.0 
per  cent  in  terms  of  the  diameter  in  the  dry  state,  and  it  lost  its 
shrinkage  water  in  4  hours.  The  factor  in  this  case  would  be 
4X4  =  16.  Similarly,  a  washed  No.  2  fire  clay  showed  a 
shrinkage  of  6.5  per  cent  and  lost  its  shrinkage  water  in  5.1 
hours,  giving  a  value  of  6.5  X  5.1  =33.15.  Finally,  a  fine-grained, 
glacial  clay,  very  difficult  to  dry,  possessed  a  shrinkage  of  8.5 
per  cent  and  ceased  contracting  in  8.9  hours,  resulting  in  8.5  X 

8.9  =  75.65. 
Since  these  measurements  were  made  under  strictly  comparable 

conditions  as  to  drying  temperattue,  initial  size,  and  shape  (spher- 
ical) of  the  test  pieces,  the  numerical  values  are  inversely  propor- 
tional to  the  ease  with  which  the  clays  dry  in  practice.  The 
actual  drying  behavior  of  these  clays  was  well  expressed  by  the 
factors,  the  shale  being  the  easiest  and  the  glacial  the  most  diffi- 
cult to  dry  under  commercial  conditions. 

Practically  the  same  results  could  be  obtained  by  determining 
the  initial  diameter  and  weight  of  the  test  piece,  weighing  it  at 
frequent  intervals,  and  measuring  the  size  in  the  dried  condition. 
The  time  when  the  calculated  weight  of  shrinkage  water  (which 
should  be  equal  in  volume  to  the  volume  shrinkage)  has  been 
evaporated  could  be  readily  obtained  from  the  time-weight  curve. 

The  rate  of  drying  has  some  influence  upon  the  shrinkage  of 
clays,  inasmuch  as  rapid  heating  is  said  to  result  in  a  lower  total 
contraction.  As  far  as  known  to  the  writer,  no  experimental 
proof  of  this  statement  is  at  hand. 

3.  DIFFICULTLT  DRYING  CLATS 

Clays  are  subject  to  two  kinds  of  difficulties  in  drying  which 
are  opposite  in  character.  They  may  give  trouble,  due  either  to 
an  excess  of  plastic  material  or  to  a  deficiency  of  it.  In  the  first 
case  the  system  of  capillaries  is  so  extremely  fine  that  the  flow 
of  water  through  it  is  very  slow  and  becomes  the  more  restricted 
as  shrinkage  progresses.  Owing  to  the  fact  that  such  clays  show 
a  very  large  contraction  in  volume,  the  capillary  channels  neces- 
sarily become  smaller  and  smaller  on  drying,  thus  causing  the 
difficulty  of  expelling  the  water  to  increase. 
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(a)  Causes  of  Cracking. — ^The  result  is  inevitably  that  the  rate  of 
surface  evaporation  is  greater  than  the  flow  of  water  toward  the 
surface,  a  condition  which  gives  rise  to  strains  and  more  or  less 
marked  ruptures. 

In  the  second  case  the  amoimt  of  clay  bonding  matter  is  so  low 
that  the  body  does  not  possess  the  tensile  strength  needed  to  with- 
stand the  strain  caused  by  the  closing  up  of  the  particles  near  the 
evaporating  surface.  The  result  of  this  condition  is  that  the  clay 
gives  way  and  cracks. 

In  order  to  overcome  these  two  classes  of  difficulties,  some 
remedial  measures  are  available.  These  are  for  the  excessively 
plastic  clays  dilution  by  means  of  nonplastic  materials  Uke  sand 
or  ground,  calcined  clay  (grog) ,  or  drying  of  the  ware  under  care- 
fully regulated  conditions  with  special  reference  to  the  mainte- 
nance of  a  high  humidity  in  the  drying  until  the  clay  has  become 
uniformly  heated  throughout,  or  by  using  the  preliminary  heating 
treatment  which  is  the  subject  of  this  work. 

As  regards  weak  clays,  lacking  in  plastic  clay  matter,  the  means 
open  for  overcoming  the  difficulty  consist  in  developing  the 
available  plasticity  to  its  maximum  by  means  of  storing  in  the 
wet  condition,  by  grinding  and  thorough  pugging,  by  the  use  of 
slightly  acid  tempering  water  (in  some  cases) ,  and  finally  by  the 
incorporation  of  a  more  plastic  material,  which  offers  the  most 
positive  solution  of  the  case. 

(b)  Effect  of  Nonplastic  Materials. — ^The  addition  of  granular, 
nonplastic  material  to  an  excessively  plastic  clay  is  made  for 
the  purpose  of  improving  the  working  quality  by  reducing 
its  "stickiness,"  decreasing  the  drying  shrinkage,  and  with  it 
the  tendency  to  warp  and  crack  in  drying,  and  of  lowering  the 
kiln  loss  due  to  strains  caused  in  drying  and  the  impermeability 
of  the  dense  clay  to  air  needed  for  the  oxidation  of  the  organic 
matter  present  in  all  argillaceous  materials.  Nonplastic  matter, 
intimately  blended  with  the  clay,  thus  exerts  a  decided  influence 
upon  the  working  qualities  of  the  latter,  affecting  the  penetration 
of  water  into  the  pore  system,  the  shrinkage  in  drying  and  burning, 
as  well  as  the  porosity  in  the  dried  and  burnt  condition.  Its  effects, 
hence,  are  far  reaching,  since  they  are  intimately  connected  with 
the  final  use  of  the  product,  its  resistance  to  weathering  agencies, 
abrasion,  etc. 
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When  any  granular,  nonplastic  material  of  uniform  size  is 
incorporated  in  a  strongly  plastic  clay  several  eflfects  may  be 
observed.  The  voliune  shrinkage,  providing  the  same  percentage 
by  voltmie  of  water  is  maintained,  may  be  found  to  increase  up 
to  a  certain  content  of  the  nonplastic  constituent,  but  beyond  this 
point  it  will  decrease.  The  density  of  the  clay  mass  may  thus  be 
said  to  increase  to  a  maximum.  After  passing  it  the  shrinkage 
decreases  while  the  porosity  rises.  This  effect  is  brought  out  more 
or  less  clearly  according  to  the  granulometric  composition  of  the 
nonplastic  material  added  and  the  initial  content  of  such  material 
in  the  clay. 

It  is  evident  that  on  introducing  small  amounts  of  a  nonplastic 
material  into  a  plastic  clay  the  spongelike  matrix  envelops  the 
hard  grains  and  the  total  pore  space  per  unit  voltune,  assiuning 
that  the  sand,  or  whatever  material  may  be  added  is  free  from 
pores,  has  been  decreased.  If  the  total  water  content  be  kept 
constant,  some  of  the  pore  water  therefore  becomes  shrinkage 
water,  with  the  result  that  the  contraction  in  drying  is  increased. 
From  this  it  follows  that  since  the  pore  water,  and  hence  the  pore 
space,  has  been  decreased  in  volume  the  density  of  the  mass  must 
have  increased.  Upon  continuing  the  addition  of  nonplastic 
material  the  point  is  reached  when  contact  is  established  between 
the  incorporated  grains,  and  therefore  some  of  the  shrinkage  water 
again  becomes  pore  water.  Shrinkage  therefore  decreases  from 
this  point  on  and  the  porosity  increases. 

If  in  the  case  of  a  difficultly  drjdng,  exceedingly  plastic  clay  it 
is  decided  to  add  sand  for  the  ptupose  of  making  it  easier  to  dry, 
this  addition  should  be  carried  beyond  the  point  of  maximtmi 
density,  so  that  a  larger  pore  space,  and  hence  an  increased  evapo- 
ration and  outlet  area  is  produced. 

In  tracing  the  effect  of  nonplastic  matter  the  assumption  has 
been  made  above  that  the  water  content  be  kept  constant.  If 
this  condition  is  not  fulfilled  but  the  attempt  is  made  to  maintain 
constant  consistency,  the  above  facts  still  hold,  although  the 
effects  are  not  so  marked.  In  determining  the  drying  shrinkage 
of  five  low  grade,  plastic  clays  with  varying  percentages  of  a  very 
uniform  sand  (20-30  mesh),  and  at  the  same  time  aiming  to  keep 
the  consistency  constant,  it  was  possible  in  each  case  to  fix  clearly 
the  point  of  maximum  density. 
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The  size  of  grain  of  the  nonplastic  material  is  necessarily ,  an 
important  factor  in  the  resulting  density  and  the  system  of  pore 
spaces.  Pine-grained  sand,  for  instance,  at  the  point  of  maximmn 
density  will  result  in  a  more  porous  structure  than  coarser  grained 
at  the  same  point.  With  equal  water  content  a  fine  nonplastic 
will  bring  about  a  stiffer  consistency  than  coarser-grained  material. 
As  regards  a  mixture  of  grains^  of  various  sizes,  the  same  state- 
ments hold  that  have  been  made  with  reference  to  the  natural 
granular  constituents  of  clays. 

4.  PREHEATmO 

(a)  The  Clays  Used  in  the  Experiments. — Since  this  bulletin 
deals  solely  with  the  study  of  the  preheating  treatment  of  clays 
and  its  effect  upon  clays,  a  detailed  consideration  of  other  methods 
bringing  about  similar  results  can  not  be  tmdertaken  at  this  time. 

For  the  purpose  of  the  investigation  14  clays  were  selected, 
covering  a  wide  range  of  chemical  and  mineralogical  compositions. 
Their  character  is  indicated  by  the  following  descriptive  remarks: 

No.  I. — ^An  exceedingly  plastic  clay,  very  similar  in  behavior  to 
bentonite,  from  Fort  Pierre,  N.  Dak.  It  is  impossible  to  dry  this 
material  without  cracking.  Its  fineness  of  grain  is  remarkable. 
Apparently  it  contains  some  calcium  carbonate  in  a  state  of 
extremely  fine  subdivision. 

No,  2. — St.  Louis  fire  clay,  Highland  Fire  Clay  Co.,  St.  Louis, 
Mo.  A  high-grade  fire  clay,  but  lacking  in  plasticity,  owing  to 
insufficient  reduction  of  clay  grains.  Grinding  at  once  improves 
the  plastic  quality  simply  by  disintegrating  the  coarser,  wax-like 
clay  particles. 

No.  J. — ^Tennessee  ball  clay  No.  3  (Potter's  Supply  Co.),  from 
Whitlock,  Tenn.  A  clay  of  great  plasticity  and  bonding  power. 
It  dries  without  difficulty  excepting  when  fabricated  into  large 
pieces,  when  care  must  be  taken  to  prevent  cracking  by  main- 
taining a  high  humidity  dtiring  the  initial  stages  and  by  keeping 
the  dr5dng  temperature  down  as  low  as  possiple. 

No.  4. — Prall  sagger  clay,  Woodbridge,  N.  J.,  a  decidedly 
plastic  material  of  excellent  bonding  power  and  of  safe  drying 
behavior.     It  contains  coarser  grains  of  quartz. 
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N0.5. — Pike's  No.  20  ball  clay,  a  high-grade  English  plastic 
material  which  when  used  alone  has  a  decided  tendency  to  warp 
and  which  when  made  up  into  large  pieces  must  be  dried  with 
great  care  to  prevent  cracking.  Its  bonding  power,  which  makts 
it  valuable,  is  very  high  and  by  some  it  is  considered  the  strongest 
material  of  this  kind  on  the  market. 

No.  6, — ^Texas  kaolin,  "Lone  Star"  brand,  from  Edwards 
Coimty,  Tex.  A  fire  clay  consisting  of  clay  grains  and  extremely 
fine  clay  matter.  Grinding  increases  the  plasticity  of  this  clay 
immensely  and  in  this  way  it  is  capable  of  great  improvement  by 
the  reduction  of  the  comparatively  coarse  clay  grains.  It  does 
not  seem  to  give  trouble  in  drying. 

No.  7. — An  extremely  fine-grained  glacial  clay  from  Albert 
Lea,  Minn.,  of  considerable  plasticity,  but  troublesome  to  dry. 

No.  8. — Joint  clay,  from  Urbana,  lU.  A  plastic  glacial  clay, 
difiScult  to  dry,  due  not  so  much  to  great  fineness  of  grain  as  to 
"joint"  structure  which  is  indicated  by  the  fact  that  bricks  made 
from  it  on  drying  split  vertically  into  more  or  less  irregular  cubes. 

No.  9. — ^Albany  slip  clay,  a  fine-grained  glacial  clay  from 
northern  New  York,  low  in  bonding  power,  but  showing  sufficient 
plasticity. 

No.  10. — English  China  clay,  J.  Poole  No.  i,  considered  a  high 
grade  of  kaolin,  not  commonly  imported,  of  excellent  plasticity 
aiid  yet  producing  a  fine  white  color. 

No.  II. — ^Joint  clay,  Peoria,  111.,  a  typical  fine-grained  glacial 
clay,  giving  some  trouble  in  drying. 

No.  12. — ^A  typical  alluvial  clay  from  Groveport,  Ohio,  of  de- 
cided plasticity,  somewhat  troublesome  to  work  and  dry.  Prob- 
ably quite  high  in  ferric  oxide,  since  on  btuning  a  fine  red  color  is 
developed. 

No.  13. — ^A  No.  2  fire  clay,  highly  impregnated  with  ferric 
oxide,  from  Athens,  Ohio,  very  plastic,  with  some  tendency  to 
crack  in  drying  though  excellently  suited  for  admixture  with 
shale  owing  to  its  ease  of  slaking  down  on  contact  with  water. 

No.  14. — ^A  glacial,  calcareous  clay  from  Heron  Lake,  Minn,, 
possessing  good  plasticity  and  working  properties  though  some- 
what too  fine  grained  for  dr}dng  when  made  into  larger  pieces. 
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In  the  effort  to  correlate  the  drying  shrinkage  with  the  fine- 
ness of  grain  and  the  general  plastic  behavior  of  these  different 
clays  the  following  determinations  were  made: 

1.  Drying  shrinkage  in  the  normal  condition. 

2.  Fineness  of  grain  by  means  of  the  mechanical  analysis. 

3.  Resistance  offered  by  mixtures  of  clay  and  water  to  the 
passage  of  a  paddle  in  the  Stormer  viscosimeter. 

(b)  Drying  Shrinkage. — In  determining  the  drying  shrinkage  of 
the  clays  they  were  made  up  with  water  to  **  plastic  "  consistency, 
which,  in  spite  of  its  apparent  indefiniteness,  is  a  condition  fairly 
sharply  defined  in  the  hands  of  an  experienced  operator.  Owing 
to  the  fact  that  there  exist  no  other  means  of  maintaining  a  con- 
stant consistency,  it  was  necessary  to  depend  solely  upon  the 
judgment  of  the  manipulator.  In  some  preliminary  experiments, 
however,  it  was  shown  that  the  water  content  representing  good 
working  quality  could  be  checked  for  the  same  clay  with  satis- 
factory accuracy  since  at  approximately  the  proper  working  con- 
sistency the  clays  are  quite  sensitive  to  a  deficiency  or  excess  of 
water.  This  property  varies  somewhat  with  different  materials, 
very  plastic  clays  being  less  sensitive  to  variations  in  water  con- 
tent than  those  higher  in  nonplastic  matter.  After  having  been 
allowed  to  stand  over  water  for  24  hotu^  the  clays  were  molded 
by  hand  into  approximately  cylindrical  test  pieces  which  were 
at  once  weighed  and  their  volume  determined.  The  weighing 
was  done  in  closed  tin  cylinders  to  prevent  loss  by  evaporation. 
The  volume  of  each  cylinder  was  determined  by  immersion  in 
petroleum  making  use  of  a  narrow-necked  flask  and  obtaining 
the  voliune  of  liquid  displaced  by  means  of  a  burette  calibrated 
to  o.i  cc  which  permitted  of  easily  reading  to  0.05  cc.  The 
weight  of  the  clay  cylinders  varied  between  20  and  35  grams  and 
the  volumes  from  12  to  22  cc.  After  the  determination  of  weight 
and  voliune  the  test  pieces  were  dried  at  60®  till  the  weight  was 
constant  and  finally  at  100°.  The  dry  specimens  were  then 
weighed  and  immersed  in  melted  paraffine  at  a  sufficiently  high 
temperature  so  that  the  liquid  penetrated  into  the  interior,  but 
dripped  off  completely  on  removing  the  piece  from  the  bath. 
When  cool  the  cylinders  were  placed  in  petroleum  for  several 
hotu^  and  the  volume  determined  as  before. 
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In  Table  III  the  volume  shrinkage  of  the  clays  in  terms  of  the 
dry  volmne  of  the  cylinder  and  of  the  true  volume  of  the  clay  as 
well  as  the  linear  shrinkage  in  terms  of  the  wet  length  are  com- 
piled. For  purposes  of  comparison  the  shrinkage  referred  to  the 
true  clay  voliune  is  to  be  preferred  owing  to  the  variable  factor 
of  the  pore  space  which  depends  upon  the  character  of  the  clay, 
the  method  of  manipulation,  etc. 

The  shrinkage  expressed  in  terms  of  the  real  clay  volume  is 
readily  calculated  from  the  relation : 

j=— ^-^ ^wher< 
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•'  voliune  shrinkage  in  terms  of  the  true  clay  voliune. 
specific  gravity  of  powdered  dry  clay, 
volume  of  clay  cylinder  in  the  wet  state, 
volume  of  clay  cylinder  in  the  dried  state, 
weight  of  the  dried  cylinder  in  grams. 

TABLE  III 
Shrinkage  of  Various  Clays 


Ha.  of  day 

Specific  ^«Tlty 

of  powdered 

diyday 

Volume  ihrinkege 
In  per  cent  of 

dry  leet  piece 

Vohmie  ihrlnkege 

In  per  cent  of 
true  day  vQhime 

in  per  cent  of 
the  wet  lengtli 

1 

2.451 

68.57 

99.80 

15.97 

2 

2.551 

23.40 

30.30 

6.77 

3 

2.770 

38.10 

60.73 

10.20 

4 

2.596 

34.50 

54.80 

9.41 

5 

2.577 

48.19 

61.96 

12.28 

6 

2.510 

36.80 

60.10 

9.92 

7 

2.580 

36.20 

49.00 

9.79 

8 

2.603 

30.30 

41.85 

8.44 

9 

2.784 

16.90 

25.80 

5.07 

10 

2.476 

21.05 

34.80 

6.17 

11 

2.575 

32.20 

49.00 

8.89 

12 

2.680 

37.86 

51.09 

10.15 

13 

2.768 

38.00 

49.05 

10.18 

14 

2.645 

27.30 

42.65 

7.72 
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The  specific  gravity  of  the  clays  was  determined  by  means  of 
the  pycnometer  with  the  usual  precautions  as  regards  exhaustion 
of  the  air  and  correcting  for  temperature. 

The  linear  shrinkage  was  calculated  from  the  condensation  in 
volume. 

The  clays  examined,  with  the  exception  of  three,  the  Highland 
fire  clay,  the  Albany  slip  clay,  and  the  English  china  clay,  belong 
to  the  more  difficultly  drying  materials  when  made  up  into  heavier 
products.  The  clay  from  Fort  Pierre,  N.  Dak.,  is  in  a  class  of 
its  own,  and  it  appears  to  be  impossible  to  dry  it  imder  any 
conditions. 

(c)  Mechanical  Analysis. — ^The  mechanical  analysis  as  prac- 
ticed by  agricultiu'al  and  ceramic  investigators  consists  in  the 
separation  of  grains  of  certain  arbitrary  size  limits  by  means  of 
sieves  and  further  separation  by  means  of  sedimentation,  elutria- 
tion  or  centrifugal  action,  water  being  used  as  the  medium  of 
flotation.  For  the  purpose  of  the  ceramist  the  Schulze  appa- 
ratus, in  which  the  separation  of  the  grain  is  effected  by  the  method 
of  elutriation,  is  commonly  used  and  meets  the  technical  require- 
ments owing  to  the  simplicity  and  convenience  of  its  arrangement. 
It  consists  of  three  tin-lined  copper  cans  with  conical  bottoms, 
2,  5,  and  6\\  inches  in  diameter,  respectively,  through  which 
water  is  allowed  to  flow  at  a  constant  rate,  1 76  cc  per  minute.  It 
is  readily  seen  that  this  results  in  the  greatest  velocity  in  the 
narrowest  and  the  lowest  in  the  widest  can.  With  the  diameters 
of  the  cans  and  the  voltmie  of  water  given,  the  largest  particles 
settle  in  can  No.  i,  averaging  about  0.0577  mm  diameter,  the  next 
smaller  in  No.  2,  averaging  about  0.0354  ^^>  while  in  No.  3,  the 
average  size  approximates  0.0167  ^^-  Particles  still  finer,  about 
±0.005  mm,  are  carried  off  by  the  overflow. 

The  average  size  represents  the  microscopic  measurement  of  50 
particles  of  each  sediment  and  is  the  arithmetical  mean.  In  this 
connection  the  difficulty  of  obtaining  the  true  mean  diameter  is  fully 
realized,  but  for  the  work  in  question  this  method  has  been  preferred 
to  the  method  of  mean  integrals,  since  it  was  not  desired  to  calculate 
a  surface  factor.  After  the  water  escaping  from  the  third  can 
appears  to  be  clear  the  cans  are  emptied  by  siphoning  down  to 
the  conical  bottom.  The  water  and  clay  in  this  part  of  the  cans 
is  washed  out,  evaporated  to  dryness,  and  weighed.     The  amount 
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of  the  finest  particles  is  obtained  by  difference.  Before  being 
placed  in  the  elutriating  apparatus  the  sample  of  the  dry  clay, 
the  amount  of  which  is  usually  50  grams,  is  made  up  with  water 
to  form  a  thin  sUp,  deflocculated  by  the  addition  of  caustic  soda 
or  sodium  oxalate  according  to  the  nature  of  the  clay  and  mechan- 
ically shaken  for  one  hour.  The  clay  suspension  is  then  passed 
through  a  series  of  small  conical  sieves,  telescoped  together, 
ranging  from  20  to  120  mesh.  After  washing  and  drying  the 
residues  on  each  sieve  are  weighed.  .The  material  which  passes 
the  1 20-mesh  sieve  is  collected  and  introduced  into  the  elutriating 
apparatus. 

The  water  flowing  through  the  cans  is  taken  from  the  tap,  but 
is  filtered  through  beds  of  sand  and  charcoal.  Its  temperature 
is  kept  constant  by  heating  to  a  certain  temperature  and  regula- 
tion by  means  of  a  thermostat.  The  separation  of  the  sediments 
is  considered  successful  when  the  residues  dry  down  without 
cracking.  If  the  latter  occurs,  some  of  the  clay  matter  has  been 
retained,  and  the  test  is  repeated,  the  clay  sample  being  defloc- 
culated more  thoroughly  or  another  reagent  is  employed  such  as 
sodium  oxalate.  In  extreme  cases  the  deflocculating  solution  is 
dropped  slowly  into  the  first  can  for  a  number  of  hours.  '  Certain 
precautions  must  be  observed  in  the  operation  of  the  elutriating 
apparatus,  such  as  to  start  with  a  reduced  flow  of  water  imtil  the 
first  can  appears  to  be  comparatively  clear  when  the  current  is 
brought  to  the  standard  velocity.  The  time  required  for  the 
elutriation  varies  from  10  to  24  hours,  according  to  the  nature 
of  the  clay.  When  adjusted  the  device  needs  practically  no 
attention. 

The  results  of  the  mechanical  analyses  of  the  clays  examined 
are  compiled  in  Table  IV. 

From  the  results  of  the  mechanical  analysis  a  numerical  value 
expressing  the  fineness  of  grain  of  the  clay  as  a  whole  might  be  cal- 
culated. Since  the  weights  of  the  fractions  are  known,  the  average 
diameters  (by  microscopic  determination)  and  the  specific  gravity 
of  the  powder  may  easily  be  obtained  a  factor  expressing  the  rela- 
tive total  surface  area  may  be  computed,  which  J.  W.  Mellor* 

•J.  W.  Mellor,  Jackson's  and  Purdy's  Surface  Factors.  Trans.  English  Ceram. 
Soc.  9,  p.  94-114. 
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TABLE  IV 


ol 
day 

Boridoe  left  on  ilofoo  In  for  oom  by  voliM 
oldfydi^ 

S<wHmiwrto    loft    fa 
con,  fai  for  com  by 
vol^U  oldiy  day 

1 

Kind    ond    mnooBt 

20 
moob 

40 
moob 

60 
moob 

80 
moob 

100 
moob 

moob 

Total 
rooi- 
dooo 

on 

Con 

No.  1 

Con 

Ho.  2 

Con 
No.  3 

ol     n^ont    om- 
ftoyodforSOgmmo 
dday 

1 

2.32 

28.98 

Tkoco 

1.17 

0J3S 
14.74 

oun 

2.83 

0J9 

11.79 

0J4 

8J8 

1.12 
3L95 

0.43 
2M 

9532 

4037 

9931 

85.71 
99j00 
50.18 

9731 

4730 

84.60 

7934 

51.U 

4732 
6737 
8034 

1  c  c  i^  NaOH 

2 

3 

Tkoce 

....... 

11.75 

7ja3 

4.10 

5J0 

0.77 

200cc|QNaiCiO« 
80  c  c  T^  NaOH 

4 

500CC  iqNoOH 

5 

6 
7 
8 

0.05 
OUM 
0.61 
0J02 

0.18 
0J06 
1.49 
0J02 

2.93 
OJfH 
1.74 

2.60 
OJH 
0.63 

5.35 
0J5S 

0.85 
OJK 

ail 

11.96 

0.24 

5.U 

0.08 

0.02 

1.81 

7.74 
9.59 

1.72 

13.65 

0.21 

3.15 

0.24 

Oj02 

2.28 

14.30 
5.66 

098 

19.07 
1.04 

34J0 
634 

10.90 

34.09 

2XM 
8.54 

8.03 

5.14 

0.96 

9.72 

8.74 

932 

10.69 

7M 
8.24 

9UI3 

50cC|qNoOH 
75  c  c  iQ  NaOH 
lOOcc^NoOH 

9 
10 

0.0 

4 

0.24 
0.18 

OJH 

30ccj^NoOH 
30cc^NaOH 

11 

12 
13 

14 

0.33 

0.64 
1.54 

0.14 

0.66 

0.98 
1.83 

0.28 

0.35 

L24 
2JB6 

0.46 

0.16 

1.10 
0.96 

0J4 

0.27 

3.54 
2.22 

0.46 

lOOcc^NoOH 
180  c  c  ij^  NoiCiOt 

75  c  c  |g  NaOH 

expresses  by  the  formula: 

s 


Ki^*'^*x^  ■  ■  •> 


Here  s^mean  specific  gravity  of  the  powder,  W^,  W^,  W^,  .  .  . 
the  weights  of  the  fractions,  and  d^,  d,,  d^  the  average  diameters 
of  the  grains  in  the  several  fractions. 

The  greater  the  smface  factor  the  finer  is  the  material,  and 
hence  this  value  may  be  used  to  give  a  relative  approximation 
which  serves  sufficiently  well  for  purposes  of  comparison. 

Where  the  limiting  diameters  of  the  fractions  are  known — ^i.  e., 
the  sizes  of  the  largest  and  the  smallest  particles  for  every  sepa- 
ration— ^the  mean  integral  diameter  may  be  calculated  from  the 
formula  *•  


V 


»°Mellor,  loc.  cit. 
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in  which  the  limiting  diameters  are  represented  by  rf|  and  d,. 
The  value  of  this  average  diameter  may  then  be  substituted  in 
the  formula  for  the  surface  factor  given  above. 

In  all  of  this  work  the  assumption  has  been  made,  necessarily, 
that  all  the  particles  are  spherical  in  shape,  which  of  course  is  not 
true.  Again,  the  surface  factor  thus  calculated  can  make  no 
claim  to  scientific  accuracy,  owing  to  the  fact  that  it  is  difiicult  to 
obtain  the  average  sizes  of  the  grains  represented  by  the  various 
sediments,  and  practically  impossible  to  determine  the  mean 
dimension  of  the  particles  carried  oflf  by  the  overflow  with  any 
degree  of  correctness.  Owing  to  the  fineness  of  the  material 
floated  off  its  surface  valuation  constitutes  the  greater  part  of  the 
*  total  surface  factor.  Furthermore,  many  of  the  apparent  grains 
are  aggregates  of  still  finer  material,  and  it  is  almost  absurd  to 
speak  of  an  average  size  for  the  clayey  matter.  The  material  car- 
ried off  contains  practically  all  of  the  plastic  clay  substance  and  in 
addition  the  finest  particles  of  granular  matter. 

In  comparing  the  clays  as  to  their  drying  behavior  the  amount 
of  overflow  material  expressed  in  per  cent  is  used  as  the  basis  of 
comparison.  Generally  speaking,  therefore,  the  statement  might 
be  made  that  clays  should  dry  the  more  difficultly  the  finer 
grained  they  are,  the  more  matter  is  washed  out  of  them  at  the 
low  velocity  maintained  in  the  third  can  of  the  Schulze  elutriating 
apparatus,  assuming  that  the  clay  substance  is  of  the  same  char- 
acter in  all  of  them.  Since  the  latter  assumption,  however,  is 
inadmissible,  the  above  generalization  holds  only  in  a  limited 
sense,  in  comparing  clays  of  one  kind.  Still  further  modifications 
are  made  necessary  by  the  size  factor  of  the  granular  matter,  as 
has  already  been  pointed  out  elsewhere. 

Similarly,  a  statement  to  the  effect  that  clays  showing  the 
greatest  shrinkage  are  most  difficult  to  dry  can  not  be  accepted 
without  qualification  for  the  same  reasons  applying  to  the  ques- 
tion of  foieness.  Granted  that  the  greatest  volume  shrinkage 
results  in  the  greatest  strain  upon  the  clay  structure,  the  fact 
remains  that  clays  differ  widely  in  tensile  strength  and  hence  in 
the  ability  to  meet  these  stresses. 

If  in  spite  of  these  objections  an  attempt  is  made  to  differen- 
tiate between  the  clays  as  to  their  relative  difl&culty  of  drying,  it 


i68 


Bulletin  of  the  Bureau  of  Standards, 


[Vol.7,  No.  M, 


is  evident  that  such  a  classification  may  serve  only  as  a  general 
guide.  This  approximation  was  obtained  by  multiplying  the 
drying  shrinkage  expressed  in  terms  of  the  true  clay  volume  by 
the  fraction  carried  oflf  in  the  overflow  of  the  Schulze  apparatus. 
From  this  definition  it  appears  that  the  higher  the  numerical 
value  thus  obtained  the  more  diflficultly  should  the  clay  dry  other 
things  being  equal.  The  drjdng  factors  thus  calculated  are 
collected  in  Table  V. 

TABLE  V 

Drying  Factors 


Clay  No. 

1 

2 

3 

4 

5 

6 

7 

A.  Fractloa  carried  off  by  over- 

uOW , 

0.955 

99.ao 

0.406 
30JO 

0.993 
60.73 

0.857 
54.80 

0.990 
61.96 

0.502 
60.10 

0.973 

cent  oi  true  day  volume 

49.00 

Vador  AXB 

95.31 

12.30 

60.30 

46.96 

61.38 

30.17 

47.67 

Clay  ITo. 

8 

9 

10 

11 

12 

13 

14 

A.  FracUon  carried  off  by  over- 
flffW 

0475 
41.85 

0.846 
25.80 

0.795 
34.80 

0.511 
49.00 

0.478 
51.09 

0.680 
49UB 

0.802 

• 
cent  of  true  clay  volume 

42.65 

Vector  AXB 

19.90 

20.83 

27.67 

25.04 

24.43 

33.35 

34.17 

(d)  Viscous  Condition  of  Clay  Suspensions  in  Water. — In  pre- 
vious work "  the  writer  has  made  the  attempt  to  correlate 
the  plastic  behavior  of  diflferent  fine-grained  clays  by  determining 
the  tenacity  of  clay  slips,  representing  various  mixtures  of  clay 
and  water,  using  a  modified  Coulomb  viscosimeter.  He  was 
successful  in  differentiating  several  well-known  clays  in  a  way 
which  agreed  with  practical  observation.  In  carrying  on  these 
experiments  it  was  fully  realized,  however,  that  the  comparative 
results  obtained  do  not  express  viscosity  in  its  proper  physical 
meaning,  but  that  they  represent  complex  fimctions,  the  resultant 
of  which  seems  to  be  related  to  the  plastic  condition  of  the  mate- 
rial.    From  practical  experience  it  is  known  that  the  more  plastic 

"  Trans.  Am.  Ceram.  Soc.  lo,  p.  389. 
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a  clay  is  the  more  power  is  required  to  force  it  through  an  auger 
machine  or  pug  mill.  Owing  to  the  fact  that  we  are  dealing  in 
this  case  with  suspensions,  it  is  evident  that  various  factors  enter 
into  the  question  such  as  the  viscosity  of  the  water  which  has 
dissolved  some  of  the  salts  contained  in  the  clay,  the  mechanical 
resistance  of  the  suspended  granular  matter,  as  well  as  that 
offered  by  the  flocculent  matter  to  the  passage  through  water, 
etc.  In  addition  the  practical  difficulty  due  to  the  tendency  of 
the  materials  to  settle  must  be  considered.  Owing  to  the  fact 
that  the  latter  feature  is  especially  aimoying,  it  was  decided  to 
make  use  of  an  apparatus  employing  a  paddle  in  place  of  the 
disc.  Such  an  instrument  was  fotmd  already  on  the  market  in 
the  Stormer  viscosimeter,  which  consists  in  brief  of  a  vertical 
shaft  to  which  a  paddle  is  attached  and  which  is  driven  by  means 
of  a  simple  gearing  from  a  grooved  pulley.  Motion  is  imparted 
to  the  latter  by  means  of  a  weight  attached  to  the  pulley  by  a 
cord.  The  weight  used  in  these  experiments  was  200  grams. 
A  revolution  coimter  is  connected  to  the  vertical  shaft.  The 
method  of  operating -the  instnunent  is  very  simple.  The  liquid 
is  poured  into  a  square  receptacle,  taking  care  that  the  same 
level  is  maintained  for  each  test.  The  cup  is  then  raised  so  that 
the  paddle  is  immersed  and  by  releasing  a  brake  the  weight  is 
caused  to  descend,  thus  revolving  the  pulley  and  transmitting 
motion  to  the  paddle  shaft.  By  means  of  a  stop  watch  indicat- 
ing one-fifth  seconds  the  time  required  by  the  paddle  to  make 
100  revolutions  is  determined.  It  is  also  necessary  to  obtain  the 
time  taken  for  the  same  number  of  revolutions  in  air,  and  to  deduct 
this  reading  from  every  determination.  The  resistance  offered 
by  water  is  taken  as  imity  by  dividing  the  time  required  to  make 
100  revolutions  with  the  paddle  immersed  in  water  into  the  time 
required  to  make  the  same  number  of  tiuns  in  the  clay  suspen- 
sion, deducting  the  air  constant  from  each  reading. 

A  brief  consideration  of  the  principle  of  the  apparatus  will 
show  that  owing  to  the  variable  speed  in  the  different  media  the 
results  are  not  strictly  comparable.  This  together  with  the 
variable  friction  constant  of  the  mechanism  itself  causes  the 
variations  in  the  experimental  results  to  be  quite  large.     How- 
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ever,  for  the  purpose  in  view  the  object  of  carrying  on  this  work 
was  merely  to  obtain  a  rough  classification  of  the  clays  as  to 
their  plastic  character  under  the  assiunption  that  the  resistance 
offered  by  clay  suspensions  of  equal  content  in  solids  is  a  func- 
tion of  their  plastic  behavior,  an  assumption,  however,  for  which 
a  general  proof  has  not  yet  been  established.  In  this  connection 
it  was  desired  to  locate  by  comparison  certain  of  the  clays  ex- 
amined which  have  been  found  to  be  especially  troublesome  in 
drying. 

The  preparation  of  the  clays  for  the  test  consisted  in  weighing 
out  a  certain  quantity  of  the  dried  material  and  of  a  sufficient 
amount  of  water  and  shaking  them  by  mechanical  means,  so  that 
the  slip  became  as  thick  as  possible  and  yet  pennitted  the  paddle 
to  revolve.  This  heavy  suspension  was  diluted  gradually,  so  that 
the  desired  concentrations  of  clay  were  obtained.  In  this  maimer 
a  number  of  dilutions  were  made  and  their  relative  resistances 
determmed. 

The  initial  clay  suspensions  were  shaken  in  wide-mouth  bottles 
containing  a  little  shot  to  facilitate  the  breaking  up  of  the  clay 
particles.  The  slip  was  then  shaken  through  a  20-mesh  sieve  and 
poiu^ed  into  the  viscosimeter  cup. 

The  results  of  this  work  are  shown  in  the  diagram  of  figtu-e  3. 
In  spite  of  the  irregularity  of  the  curves  it  is  at  once  observed 
that  the  clays  arrange  themselves  into  three  groups.  That  show- 
ing the  most  rapid  increase  in  resistance  or  tenacity  comprises 
the  plastic  clays  of  the  ptu-er  type,  including,  however,  one  mem- 
ber of  the  imptu-e  clays,  the  material  from  Fort  Pierre.  The 
latter  is  of  such  a  highly  plastic  nature  that  its  presence  in 
this  group  is  not  surprising.  The  second  group  contains  all  of 
the  glacial  clays  which  show  remarkable  similarity  in  this  respect. 
In  the  third  group  the  Highland  fire  clay  appears,  which,  as  the 
sole  representative  of  its  class,  takes  its  proper  place. 

The  higher  degree  of  plasticity  on  the  part  of  the  purer  clays  is 
made  very  prominent,  and  this  is  due  not  only  to  the  greater 
fineness  of  grain,  since  two  of  the  glacial  clays  approach  them  in 
this  respect,  but  primarily  to  the  lack  of  granular  matter  which, 
though  very  fine,  is  ever  present  in  the  impure  surface  clays. 
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The  latter  may  reach  the  highly  plastic  development  of  the  purer 
clays,  as  is  shown  by  the  Fort  Pierre  material,  but  this  is  a  rare 
exception.  The  extreme  at  the  plastic  side  of  the  first  group  is 
represented  by  the  Prall  sagger  clay,  at  the  lower  end  by  the 
English  China  clay.  In  this  connection  the  fact  must  be  remem- 
bered that  all  of  the  clays  represent  the  maximum  plastic  devel- 
opment, owing  to  their  long-continued  stirring  in  contact  with  a 
comparatively  large  amotmt  of  water. 

Although  this  alignment  of  the  clays  enables  us  to  obtain  an 
insight  into  their  plastic  behavior,  we  can  not  draw  any  deductions 
as  to  their  difficulty  of  drying,  which,  as  has  been  said  before,  is 
not  necessarily  coincident  with  the  highest  plasticity.  Thus,  No.  4, 
the  New  Jersey  clay,  though  it  is  very  plastic  and  possesses  high 
bondmg  power,  offers  no  decided  difficulties  in  drying,  while  the 
joint  clays,  which  are  considerably  less  plastic,  become  very 
troublesome  in  this  respect.  In  considering  the  subsequent  work 
we  must  keep  clearly  in  mind,  therefore,  that  a  dividing  line 
exists  between  the  pure  and  imptu-e  clays  and  that  any  treatment 
to  which  both  classes  are  subjected  does  not  necessarily  produce 
the  same  effect. 

5.  THE  PREHEATING  TREATlfENT 

In  studying  the  effect  of  heat  upon  the  clays  selected  for  this 
work  it  was  thought  advisable  to  do  this  by  means  of  the  determi- 
nation of  the  volume  shrinkages,  since  the  condensation  in  volume 
on  drying  is  preeminently  the  characteristic  phenomenon  of  this 
process.  In  practical  work  clays  which  dry  too  difficultly,  due  to 
an  excessive  amotmt  of  highly  plastic  matter,  are  found  to  become 
normal  on  reducing  the  shrinkage,  for  it  is  evident  that  the  mag- 
nitude of  the  strain  to  which  clays  are  subjected  is  a  function  of 
the  diminution  in  voltune,  since  it  meastu-es  the  amount  of  read- 
justment which  must  take  place.  . 

The  objection  to  making  comparisons  of  the  voltune  shrinkage 
is  that  there  is  no  standard  consistency  of  the  clay  from  which 
to  start,  so  that  the  amount  of  water  to  be  tised  in  making  up  the 
clays  depends  upon  the  judgment  of  the  operator.  Various 
methods  for  determining  the  consistency  of  plastic  clay  bodies 
have  been  proposed,  such  as  the  tise  of  the  Vicat  needle,  but  none 
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of  them  give  an  accuracy  greater  than  that  obtained  by  the  **  feel " 
of  the  clay  in  manipulating.  As  has  been  pointed  out  before,  the 
proper  consistency  is  fairly  sharply  defined  and  any  excess  or 
deficiency  in  water  is  at  once  noticed  by  the  expert  operator. 
In  the  natiu-e  of  the  case,  however,  slight  variations  in  the  water 
content  are  tmavoidable,  especially  in  working  with  a  material  as 
heterogeneous  as  clay,  of  which  perfectly  uniform  samples  are  dif- 
ficult to  prepare. 

In  canying  out  the  preheating  experiments  a  sample  of  clay 
sufficient  in  amount  for  making  all  of  the  test  pieces  of  the  series 
was  thoroughly  worked  and  tempered  and  kept  at  least  48  hours 
in  a  large  desiccator  containing  water,  so  as  to  establish  conditions 
of  equilibrium.  Cylindrical  test  pieces  for  the  determination  of 
the  normal  volume  shrinkage  were  then  made  up  and  their  volume 
meastu-ed  as  described  above.  These  specimens  were  then  dried 
to  constant  weight  at  60®  C,  and  finally  at  100°.  Pats  of  clay  of 
sufficient  size  were  then  removed  from  the  bulk  sample  in  the 
moist  dessicator  and  dried  to  the  following  temperatures  in  a 
copper  laboratory  oven:  150,  200,  250,  300,  350,  and  400®  C, 
which  were  maintained  for  three  hotus.  The  dry  pat  resulting 
for  each  temperattu-e  was  groimd  through  a  20-mesh  sieve  and 
made  up  with  water  to  its  best  plastic  consistency.  In  one  series 
of  experiments  these  wet  pats  were  kept  over  water  for  16  hotus, 
in  another  series  for  one  hour.  After  this  period  the  moist  clay 
was  made  up  into  cylindrical  test  pieces,  the  voliune  of  which 
was  found  at  once.  The  specimens  were  then  dried  and  their 
volume  again  determined.  In  addition  to  the  volume  both  the 
wet  and  the  dry  weights  of  the  test  pieces  were  obtained.  During 
the  weighing  the  specimens  were  kept  in  tightly  closed  tin  cylin- 
ders. 

(a)  Effect  upon  Drying  Shrinkage. — ^The  specific  gravities  of  the 
normal  as  well  as  of  the  preheated  clays  in  the  powdered  condi- 
tion were  carefully  determined  by  means  of  the  pycnometer. 

The  preheating  oven  consisted  of  a  cylindrical,  air-jacketed 
vessel  of  heavy  copper,  6  inches  in  diameter  and  5  inches  deep 
inside,  the  air  space  being  i  inch.  The  cover  likewise  was  pro- 
vided with  an  air  space  and  had  three  tubulattu'es  for  the  insertion 
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of  mercury  thermometers.  The  heat  was  applied  by  a  gas  bmner 
and  the  temperatm-e  regulated  so  that  it  did  not  vary  on  the 
average  more  than  5®  from  the  desired  point. 

In  working  up  the  groimd,  preheated  clays  into  the  plastic  state 
it  was  at  once  observed  that  the  amotmt  of  water  required 
decreased  with  the  increasing  temperature  treatment,  although 
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'0  SO  100  ISO  200  250^  300 

'  TEMPERATURE-*  C. 

Fig.  4. —  Variation  in  water  content  for  clays  preheated  to  different  temperatures. 
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not  in  a  regular  manner,  as  shown  by  the  curves  of  Fig.  4,  repre- 
senting seven  clays.  It  appears  from  the  diagram  that  the  drop 
in  the  amount  of  water  required  is  greatest  between  200  and  300® 
with  most  clays,  although  there  are  two  exceptions  in  which  this 
occtu^  at  a  higher  temperature. 

Owing  to  the  fact  that,  independent  of  the  slight  variations  in 
the  molding,  the  amounts  of  shrinkage  and  pore  water  and  hence 
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the  exterior  volumes  of  the  test  pieces  were  not  proportionately 
constant  during  these  experiments,  it  was  decided  to  express  the 
volume  shrinkages  in  terms  of  the  true  clay  volume,  i.  e.,  the 
weight  of  the  dried  clay  divided  by  its  specific  gravity,  as  has  been 
shown  before. 

The  decrease  in  volume  shrinkage  thus  expressed  is  shown  for 
the  14  clays  examined  in  Figs.  5  and  6. 

The  red-btuning  clays,  it  is  observed,  show  foiu-  types  of  mate- 
rials. The  first  class,  represented  by  No.  i ,  the  excessively  plastic 
material  from  Fort  Pierre,  N.  Dak.,  which  resembles  bentonite  in 
its  behavior,  evidently  stands  for  abnormal  clays,  clearly  beyond 
the  limits  of  the  workable  kinds.  It  shows  an  abrupt  decrease  in 
the  shrinkage  ctu-ve,  beginning  at  250®,  and  continues  to  lose  at  a 
somewhat  diminished  rate  up  to  the  maximum  temperature  em- 
ployed. Its  final  shrinkage  still  remains  so  high  that  no  mistake 
is  made  by  calling  this  clay  hopeless  from  the  standpoint  of  its 
commercial  use. 

In  the  second  class  again  only  one  material  is  represented. 
No.  13,  a  reddish-biuning  clay  of  the  type  of  the  so-called  No.  2 
fire  clays.  Its  shrinkage  loss  curve  is  gradual,  being  most  marked 
between  350  and  400®.  This  material  being  more  homogeneous 
in  structure  and  higher  in  clay  matter  than  the  average  red  burn- 
ing clay  seems  to  lose  its  plasticity  more  gradually,  which  differ- 
entiates it  sharply  from  the  other  clays. 

The  third  class  of  clays  includes  the  average,  highly  plastic  and 
frequently  ''sticky"  clays  of  glacial  or  alluvial  origin.  The 
material  losing  its  plasticity  most  abruptly  is  from  an  alluvial 
deposit.  In  practically  all  of  them  the  most  significant  change 
took  place  between  250  and  300®. 

In  the  fourth  class  we  find  one  fine-grained  material  of  glacial 
origin,  evidently  very  high  in  nonplastic  matter,  which  behaves 
very  much  like  the  other  clays  pf  the  third  group,  differing  only  in 
its  low  initial  shrinkage.  It  likewise  seems  to  tmdergo  its  greatest 
change  between  250  and  300°. 

All  of  the  clays,  after  showing  their  greatest  drop  in  shrinkage, 
appear  to  change  in  color,  assuming  a  reddish  tinge  and  at  the 
same  time  become  granular.     Finally,  excepting  clay  No.  i ,  they 
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appear  to  be  sand  like  and  more  or  less  inert  in  the  presence  of 
water.  Up  to  350®  the  absorption  of  water  takes  place  with 
great  eagerness  and  a  sensible  amount  of  heat  is  evolved. 

In  the  diagram  representing  the  light-burning  clays  three  groups 
may  be  recognized: 

The  first,  with  only  one  member,  No.  5,  an  English  ball  clay, 
appears  to  lose  plasticity  gradually  up  to  a  certain  point,  350®, 
when  it  shows  a  sudden  drop. 

In  the  second  group,  composed  of  Nos.  3,  4,  and  5,  the  loss 
throughout  is  fairly  gradual,  although  a  more  abrupt  change  is 
clearly  observable  between  250  and  300®,  and  in  the  case  of  No.  6, 
at  300®. 

The  third  group  evidently  comprises  the  less  plastic  cla)rs, 
which  with  a  low  initial  shrinkage  do  not  appear  to  have  suffered 
any  great  changes,  although  even  here  No.  10,  the  English  koalin, 
seems  to  have  been  impaired  in  plasticity  at  the  same  temperattu-e 
as  the  other  clays,  250-300°. 

Like  the  red-burning  clays,  these  materials  become  granular 
after  the  heating  treatment  and,  according  to  their  content  of 
ferric  oxide,  assume  a  pink  or  gray  color. 

(b)  Hate  of  Drying. — From  the  practical  standpoint  it  seemed 
important  to  determine  whether  preheating  had  any  effect  upon 
the  rate  of  drying.  For  this  purpose  eight  days  were  made  up 
into  cylinders  of  the  same  initial  size  and  dried  in  a  water-jacketed 
oven,  at  a  constant  temperature  of  60®.  The  specimens  were 
removed  every  hour  and  weighed.  In  every  case  it  was  foimd 
that  the  rate  of  drying  of  the  preheated  clays  was  identical  with 
that  of  the  normal  materials,  though,  of  coin-se,  the  amotmt  of 
water  required  to  develop  plasticity  differed  in  the  preheated 
materials  from  the  normal  amount.  In  Fig.  7  the  curves  of  clay 
No.  I  are  presented  which  are  typical  for  all  of  the  materials 
tested  and  show  clearly  that  preheating  does  not  influence  the 
rapidity  of  drying. 

In  order  to  establish  the  rate  of  drying  a  clay  in  the  raw  and 
the  preheated  state  under  conditions  permitting  only  of  slow 
evaporation,  a  200-pound  sample  of  so-called  swamp  clay,  very 
difficult  to  dry,  was  used.  One-half  of  the  sample  was  made  up 
into  3.5-inch  cubes  on  a  small  auger  machine  in  the  raw  condition. 
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The  other  half  was  preheated  to  250®  C.  before  being  made  up 
into  test  pieces  of  the  same  dimensions.  Of  these,  three  cubes 
made  from  the  raw  and  three  from  the  preheated  clay  were 
selected  and  placed  in  a  closet,  maintained  at  room  temperature, 
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Fig.  I.^Raie  of  drying  of  clay,  preheated  at  different  temperatures,  again  made  plastic  wtOi  wattr 
and  dried  at  60°  C. ,  compared  with  rate  shown  by  the  untreated  clay. 

as  close  together  as  possible  and  their  weights  determined  at 
intervals.  In  Fig.  8  the  curves  representing  the  loss  of  water  of 
these  specimens  are  shown,  and  it  is  seen  that  the  rate  of  evapora- 
tion of  the  preheated  clay  approaches  closely  that  of  the  raw 
material. 

6.  THE  PRACTICAL  EFFECT  OF  PREHEATING 

In  the  experiments  just  described  it  has  already  been  shown 
that  preheating  has  decreased  the  drying  shrinkage.  From  this 
it  might  fairly  be  assumed  that  clays  should  dry  more  easily  in 
the  preheated  than  in  the  raw  condition. 

Experimental  proof  of  this  fact  was  obtained  by  working  up 
batches  of  about  five  hundred  pounds  each  of  seven  clays,  both 
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in  the  raw  and  in  the  preheated  condition  to  the  plastic  state  and 
putting  them  through  an  auger  machine  of  commercial  size.  The 
day^  were  of  the  red  burning  type  as  employed  in  brick  making, 
and  were  obtained  from  the  following  localities :  Albert  Lea,  Minn. , 
Heron  Lake,  Minn.,  Urbana,  111.,  Peoria,  111.,  Groveport,  Ohio, 
Athens,  Ohio,  and  a  so-called  swamp  clay  from  Curtice,  Ohio. 


SECTION  VIEW  OF  GAS  DRYER 

Fig.  9. — Diagram  cfgas-firtd  drying  oven  used  for  pra/uaHng  larger  quantities  of  clay. 

The  clay  samples  were  preheated  in  a  specially  constructed 
sheet-iron  oven  fired  with  gas  (Figs.  9  and  10) ,  in  which  the  heat 
distribution  permitted  of  close  regulation.  This  is  accomplished 
by  carrying  the  gases  imder  the  bottom  plate  up  a  collecting 
space  on  one  side,  from  which  they  are  distributed  to  each 
compartment.     The  admission  of  the  heated  air  to  each  space 
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is  regulated  by  means  of  a  grid  sliding  damper.  At  the  exit 
sides  of  the  oven  the  gases  are  again  collected  in  a  flue  of  the 
width  of  the  oven  and  taken  to  the  top,  where  they  are  removed 
through  a  central  opening  into  the  stack.  In  the  double  space 
on  top  through  which  the  gases  are  removed,  two  hinged  dampers 
are  provided  for  throwing  the  heat  to  either  side  to  compensate 
for  the  radiation  losses  on  the  front  and  back  sides  of  the  oven. 
Through  tubulatures  thermometers  are  inserted  for  controlling  the 
temperature.  After  proper  damper  adjustment  was  made  it  was 
possible  to  keep  the  temperature  constant  within  several  degrees, 
assuring  an  accuracy  ample  for  the  purpose  of  the  work.  The 
preheating  temperature  adopted  was  250®  C  and  the  time  of 
drying  six  hours. 

The  raw  clays  were  tempered  in  a  wet  pan,  while  the  preheated 
materials  were  ground  dry,  screened  through  a  piano-wire  screen, 
and  then  made  plastic  in  the  pan.  After  tempering,  the  clay  was 
taken  to  the  auger  machine  (Fig.  11),  and  pressed  through  a  non- 
lubricating  die  into  a  round  column  3}^  inches  in  diameter.  The 
cylindrical  bar  was  cut  up  into  discs  i}4  inches  thick,  which  were 
dried  and  their  volume  shrinkage  noted.  It  was  found  in  this 
connection  that  while  the  working  behavior  of  two  clays  was 
decidedly  improved  by  preheating,  the  others  showed  the  need 
of  lubrication,  which  it  was  impossible  to  provide.  The  result  was 
that  the  test  specimens  were  produced  under  conditions  of  strain. 

In  drying,  it  was  found  that  one  material,  the  clay  from  Heron 
Lake,  Minn.,  cracked  neither  in  the  raw  nor  the  preheated  con- 
dition. Of  the  remaining  six  clays,  in  every  case  the  discs  made 
from  raw  clay  cracked  more  or  less  badly,  while  those  made  from 
the  preheated  clay  did  not  crack  at  all.  The  drying  losses  are 
compiled  in  Table  VI.  The  number  of  test  specimens  made 
varied  from  60  to  100,  and  for  this  reason  the  percentages  express- 
ing the  drying  loss  are  not  of  equal  value. 

It  was  observed  especially  on  two  preheated  clays,  the  ones 
from  Peoria  and  Groveport,  that  drier  efflorescence  was  quite 
marked.  From  this  it  would  appear  that  preheating  releases  the 
soluble  salts  such  as  the  sulphates  of  potash,  soda,  lime,  and  mag- 
nesia contained  in  the  clay,  which,  on  the  evaporation  of  the 
water,  are  carried  to  the  surface  and  give  rise  to  the  discoloration 
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Fig.  10. —  Vieio  of  Pivheating  Oueti. 


Fig.  11. —  Ykm  of  Auger  Machine. 
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commonly  known  as  '*  white  wash."  The  adsorbing  power  of  clay 
thus  seems  to  be  diminished  by  this  treatment,  and  in  some  clays 
the  resulting  discoloration  might  prohibit  their  use  for  the  man- 
ufacture of  face  brick  and  similar  products.  It  was  evident,  how- 
ever, that  this  effect  varied  with  the  character  of  the  clay,  its 
physical  structure,  and  its  content  of  soluble  salts,  and  hence  can 
not  be  considered  a  necessary  result  in  every  case. 

TABLE  VI 
Percentage  Drying  Loss 
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95 
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tMtpiecM 

innlw  Irooi 

pnhMtoddajr 


0 
0 
0 
0 
0 
0 
0 


RepMted  wtth  day  pnhMiled  to  300* 
Repeated  wtth  clay  preheated  to  300* 
Repeated  wtth  clay  preheated  to  300* 


7.  THE  CAUSE  OF  THE  IMPROVEMENT  IN  THE  DRYING  BEHAVIOR  DUB 

TO  PREHEATING 

It  has  thus  been  shown  beyond  doubt  that  the  drying  of  ex- 
cessively plastic  cla3rs  is  facilitated  by  preheating,  that  evidently 
the  resistance  to  the  capillary  flow  has  been  decreased  so  that  the 
di£Perence  between  the  amount  of  water  evaporated  from  the 
surface  per  unit  time  and  that  supplied  from  the  interior  of  the 
clay  mass  is  no  longer  great  enough  to  cause  strains  which  lead 
to  checking. 

There  remains  now  the  task  of  determining  the  cause  of  this 
improved  condition. 

This  part  of  the  problem  was  attacked  by  means  of  the  following 
methods:  i.  Determination  of  the  specific  gravity  of  the  clays 
preheated  to  different  temperatiu-es.  2.  Mechanical  analysis  of 
the  normal  and  preheated  clays.  3.  Determination  of  the 
adsorbing  power  of  normal  and  preheated  clays  from  malachite 
green  in  solution.  4.  Determination  of  the  distribution  of 
shrinkage  and  pore  water. 
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Specific  Gravity:  In  these  experiments  a  pat  of  plastic  con- 
sistency weighing  about  a  pound  was  made  up  of  each  clay  which 
was  cut  up  into  smaller  lumps  for  preheating  at  the  different 
temperatures.  The  preheating  was  done  in  the  small  dr5dng 
ovens  referred  to  above.  The  preheated  specimens  were  then 
crushed  and  passed  through  a  6o-mesh  sieve.  By  means  of  the 
pycnometer  the  specific  gravity  of  each  sample  was  determmed, 
care  having  been  taken  to  eliminate  the  inclosed  air  by  connecting 
up  the  specific  gravity  bottle  to  a  suction  pump  and  heating  in 
warm  water  up  to  the  boiling  point.  Ample  time  was  allowed  for 
cooling  in  nmning  water  and  the  final  temperature  of  the  liquid 
in  the  pycnometer  was  taken  into  account.  It  was  found  that 
the  specific  gravity  of  the  clays  differed  even  in  the  same  lump, 
and  it  proved  difficult  to  bring  about  the  desired  homogeneity  of 
the  sample.  The  results  of  these  determinations  are  given  in 
Table  VII.     Though  the  irregularity  in  the  results  is  evident,  it  is 

TABLE  Vn 
Specific  Grravity  of  Clays 


No. 
Clay 

Nonnal 

150* 

200* 

•      250* 

300* 

350* 

400* 

1 

2.451 

2.456 

2.630 

2.603 

2.603 

2.657 

2.621 

2 

2.537 

2.548 

2.636 

2.612 

2.609 

2.644 

2.647 

2577 

2.591 

2.600 

2.600 

2J90 

2.593 

2.590 

2J96 

2.589 

2.646 

2.629 

2.629 

2.664 

2.664 

2.560 

2.560 

2.550 

2.605 

2.601 

2.600 

2.600 

2.510 

2.512 

2.562 

2.545 

2.556 

2.580 

2.573 

2.510 

2.490 

2.648 

2.638 

2.627 

2.653 

2.665 

2.603 

2.621 

2.653 

2.650 

2.655 

2.692 

2.696 

2.784 

2.741 

2.728 

2.725 

2.721 

2.747 

2.751 

10 

2.476 

2.560 

2.605 

2.639 

2.638 

2.637 

2.644 

U 

2.575 

2.587 

2.649 

2.650 

2.645 

2.676 

2.697 

12 

2.680 

2.707 

2.709 

2.729 

2.769 

2.732 

2.696 

13 

2.768 

2.739 

2.701 

2.761 

2.820 

2.825 

2.773 

14 

2.645 

2.666 

■ 

2.684 

2.712 

2.662 

2.743 

2.708 

seen  that  all  but  one  clay  show  a  noticeable  increase  in  specific 
gravity  due  to  preheating  which  must  be  ascribed  in  part  to  the 
expulsion  of  the  small  quantity  of  hygroscopic  water  held  so 
persistently  and  in  part  to  a  condensation  of  the  specific  volume  of 
the  clay.  Since  it  is  not  likely  that  the  crystalline  constituents  have 
suffered  any  such  change  at  the  temperatures  involved  we  must 
conclude  that  the  effect  is  confined  to  the  nongranular  clay  mat- 
ter.    The  contraction  in   volume   might  be   explained  by  the 
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closing  up  or  shrinkage  of  the  assumed  colloidal  matter  very 
similar  to  the  contraction  of  the  silicic  acid  gel  and  other  sub- 
stances of  like  character.  It  is  evident  that  this  condensation 
would  involve  only  the  minute,  micellean  structure  of  the  material 
and  does  not  refer  to  the  capillary  system  of  the  clay  aggregate. 
In  making  up  the  preheated  clays  with  water  it  was  observed  that 
some  heat  was  given  off.  It  was  thought  to  be  interesting  to  de- 
termine approximatel);  the  amount  of  heat  thus  evolved  from  a 
normally  dried  clay  and  a  preheated  material.  For  this  purpose 
a  sample  of  a  red  plastic  surface  clay  was  divided  into  two  parts. 
One  was  dried  at  105°  C,  the  other  was  heated  to  300®.  By 
placing  weighed  amotmts  of  the  clay  into  an  improvised  calori- 
meter, adding  a  known  amotmt  of  water  and  noting  the  tempera- 
ture rise  by  means  of  a  corrected  thermometer  reading  to  1/50®  the 
heat  given  off  by  the  clay  dried  at  105®  was  found  to  be  almost 
4-gram  calories  and  that  by  the  preheated  material  practically 
5  calories  per  gram. 

Mechanical  Analysis:  In  determining  the  changes  brought 
about  by  preheating  as  regards  the  fineness  of  grain,  four  samples 
of  clay  were  prepared  by  thoroughly  mixing  them  and  dividing 
each  portion  into  two  parts.  One  half  was  preheated  to  300®  C 
and  then  put  through  the  Schulze  apparatus,  the  other  was  run 
through  in  the  normal  condition.  The  results  are  compiled  in 
Table  VIII.  In  carrying  out  this  work  it  became  at  once  evident 
that  the  preheated  clays  showed  an  extraordinary  tendency  to 
form  aggregate  particles  in  spite  of  the  fact  that  they  were  first 
mechanically  shaken  in  water  and  apparently  defiocculated  by 
the  use  of  NaOH  and  Na,C,04  solutions.  These  particles  were 
fotmd  to  be  so  hard  that  they  could  not  be  worked  through  the 
sieves  by  simple  rubbing.  The  results  show  that  for  this  reason 
the  clays  have  become  decidedly  coarser,  the  surface  factor  having 
been  decreased.  This  applies  not  only  to  the  sieve  sizes,  but  also 
to  the  sizes  separated  by  the  first  two  cans.  This  difference 
between  the  normal  and  the  preheated  clays  appears  to  be  due 
to  coagulation,  the  fine  individual  particles  forming  aggregates 
of  varying  sizes.  From  this  it  follows  that  a  decided  change  in 
the  capillary  structxu-e  of  the  clay  must  have  been  brought  about 
tending  either  to  increase  or  decrease  the  pore  space.  Just  in 
what  direction  this  change  proceeds  will  be  shown  later. 
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Mechanical  Analysis 

NORMAL  AND  PREHEATED  CLAYS 
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Cl«y 

40 

60 

80 

100 

120 

Cans 

OfW- 

1 

2 

3 

flvv 

N 

064 

L77 

1.33 

3.7B 

0.20 

8.02 

15.12 

231 

6072 

O1300* 

4UH 

5.76 

2.42 

7.08 

039 

16.90 

16w28 

330 

44^13 

N 

L96 

1.80 

IJO 

3.37 

016 

4jn 

4.45 

232 

8037 

A1Q0O* 

4^ 

2.66 

1.96 

133 

022 

5.47 

838 

531 

7O40 

N 

LU 

1.37 

058 

O70 

015 

2.79 

26J6 

537 

6136 

snoo* 

9^ 

9.28 

3.26 

2J0 

OlO 

5.74 

3735 
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2833 

H 
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0.40 
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083 
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3.71 

2.77 
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3.29 
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4^ 

77.17 

'AIliivlMl  daj,  Ofovepoft,  Ohio.   *1mpan  No.  2  llro  day,  Athoia,  Ohio.   *  Joint  daj.  Uibana,  OL 
4  Oladal  day.  Heron  Lako,  Minn. 

Malachite  Green  Adsorption:  H.  E.  Ashley"  employs  the  ability 
of  clays  to  absorb  complex  organic  salts,  such  as  malachite  green, 
from  their  solutions  as  a  means  of  comparing  the  plasticity  of 
different  clays,  and  makes  the  assumption  that,  other  things  being 
equal,  the  more  plastic  a  clay  the  more  of  the  dissolved  substance 
it  takes  out  of  solution.  In  casting  about  for  a  numerical  factor 
expressing  the  plasticity  of  a  clay,  however,  he  fotmd  it  necessary 
to  introduce  two  modifying  factors,  drying  shrinkage  and  fineness 
of  grain,  as  expressed  by  the  Jackson-Purdy  stuiace  factor.  He 
thus  arrives  at  the  expression : 

CB 


P  = 


where — 


P  =  numerical  value  proportional  to  plasticity. 

C  =-relative  colloid  content,  based  upon  the  amotmt  of  organic  salt 

(malachite  green)  absorbed. 
J?=per  cent  shrinkage  of  clay  discs  made  by  casting  the  lawned 

slip  into  plaster  molds. 
A  =  siuiace  factor. 

Ashley  hence  asstunes  that  plasticity  is  proportional  to  the 
amount  of  malachite  green  adsorbed  from  solution  and  to  the 
dr5dng  shrinkage  and  inversely  proportional  to  the  fineness. 

"  Bulletin  388,  United  States  Geological  Survey. 
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Since  in  connection  with  the  present  work  the  fact  that  plas- 
ticity has  been  decreased  by  the  preheating  treatment  has  been 
established  beyond  doubt,  it  was  thought  to  be  of  interest  to  deter- 
mine the  differences  in  the  absorption  of  malachite  green  by  pre- 
heated clays.  This  work  was  done  by  Mr.  H.  E.  Ashley,  and 
consisted  in  shaking  one  gram  of  clay  by  mechanical  means  in 
100  cc  of  a  malachite  green  solution  containing  0.3  gram  of  the 
dye.  The  amount  of  malachite  green  remaining  in  solution  was 
determined  colorimetrically.  The  value  thus  obtained  was  then 
expressed  as  the  relative  adsorption  capacity  of  the  different 
materials  in  terms  of  the  adsorption  shown  by  a  standard  plastic 
clay,  the  Tennessee  No.  3  ball  day.  The  latter  was  assumed, 
therefore,  to  show  a  colloidal  value  of  100.  A  clay  giving  a  value 
of  75  should  then  contain  75  per  cent  of  the  colloid  matter  present 
ici  the  Tennessee  clay.  The  results  of  these  determinations  are 
compiled  in  Table  IX. 

TABLE  EX 
Adsorption  Factors  of  Normal  and  Preheated  Qays 
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150 

104 
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IGO 

PrehMOwlalZSO'C.... 

140 

Inspection  of  these  figures  shows  at  once  that,  although  in  four 
out  of  the  five  cases  the  adsorption  has  been  decreased,  the  differ- 
ence is  not  in  proportion  to  the  difference  in  the  physical  behavior 
of  the  clays.  It  is  evident,  therefore,  that,  with  the  exception  of 
the  Minnesota  clay,  no  decided  change  in  structure  is  indicated  by 
these  tests.  It  would  seem  then  that  the  partially  irreversibly 
"  set "  gel  shows  the  same  adsorption  as  the  reversible  gel,  and  that 
the  adsorption  of  malachite  green,  from  its  solution,  does  not 
appear  to  be  any  measure  of  plasticity,  as  far  as  these  preheated 
clays  are  concerned. 

Distribution  of  Shrinkage  and  Pore  Water. — ^Prom  the  results 
of  the  mechanical  analyses  of  the  normal  and  preheated  clays, 
as  well  as  from  direct  observation  made  during  the  course  of  the 
7M32**— II — ^4 
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shrinkage  experiments,  it  became  evident  that  the  amotmt  of 
pore  water  in  the  preheated  clays  differed  from  that  present  in 
the  normal  materials.  It  hence  was  fomid  necessary  to  determine 
the  amomits  of  shrinkage  and  pore  water  present  in  the  same  clay 
after  heating  it  to  different  temperatures.  This  was  done  similarly 
to  the  previous  calculations  of  the  drying  shrinkage  expressed  in 
terms  of  the  true  clay  volume.  These  results  are  collected  in 
Table  X. 

TABLE  X 
Distribution  of  Shrinkage  and  Pore  Water 


Clay 

Per  cent  by  voltune  in  terma  of  true  clay  vohime. 

Nonnal 

150*  C 

200*C 

250-0 

300*  C 

350*  C 

400*  C 

AUuvlal  day,  Grqveport, 
Ohio,  Ro.  12. 

Total  water 

Shrinkage  water.. 
Pore  water. 

•  87.20 
S1.09 
36.11 

80.52 
45.49 
35.03 

71.11 
37.61 
33.50 

73.00 
39.22 
33.78 

72.60 
21.70 
50.90 

74.60 
19.66 
54.94 

70.80 
15.98 
54.82 

Glacial     Boitece     clay, 
Httoa   Lake.   Mlmin 
No.  13. 

Total  water. 

Shrinkage  water. . 
Pore  water 

95.20' 

42.65 

52.55 

90.00 
AIM 
48.20 

92.60 
38.92 
53.68 

90.70 
35.37 
55.33 

8430 
28.27 
56.03 

97.10 
31.17 
65.93 

84.40 
2035 
64.05 

Athens,  Ohio,  No.  14. 

Total  water 

Shrinkage  water.. 
Pore  water 

72.19 
49.05 
23.14 

78.06 
47.55 
30.51 

73^17 
47.43 
25.74 

70.33 
43.23 
27.10 

75.78 
49.06 
33:82 

71.60 
38.96 
32.64 

7138 
3334 
3834 

For  the  sake  of  facilitating  comparison  the  relations  obtained 
are  shown  graphically  in  Figs.  12,  13,  and  14. 

Referring  to  Fig.  12,  it  is  observed  that  with  this  clay  a  marked 
increase  in  the  amount  of  pore  water  is  shown  between  250°  and 
300®,  and  it  is  quite  evident  that  the  clay  approaches  the  condi- 
tion of  an  inert,  nonplastic  material  as  the  shrinkage  water 
decreases.  The  two  curves  will  meet  at  the  point  at  which  the 
clay  will  have  lost  its  plasticity.  This  increase  in  pore  space 
shown  brings  out  the  fact  that  the  preheating  of  clays  causes 
them  to  become  more  porous,  and  it  offers  the  explanation  of  the 
improved  drying  qualities  of  the  materials  thus  tested.  The 
increased  pore  space  opens  up  the  clay  body,  reduces  the  siuiace 
tension,  and  thus  offers  less  resistance  to  the  flow  of  water  through 
the  capillary  system  toward  the  end  of  the  shrinkage  when  drying 
conditions  are  most  severe.     Owing  to  the  smaller  shrinkage  it 
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is  evident  that  the  total  strain  due  to  contraction  is  lessened.  As 
has  been  shown  above,  however,  the  actual  rate  of  evaporation 
from,  for  instance,  two  cubes  of  the  same  initial  size,  one  consist- 
ing of  raw  and  the  other  of  preheated  clay  under  the  same  condi- 
tions of  temperature  and  humidity  are  about  the  same.  This 
comparison  is  not  quite  fair,  since  the  preheated  clay  cube  would 
contain  somewhat  more  weight  of  material  than  the  other. 

The  clay  represented  by  Fig.  13 — a  plastic,  impiu-e  glacial 
clay — showed  likewise  a  constant  increase  in  the  amount  of  pore 
water  at  the  expense  of  the  shrinkage  water,  but  the  change 
appears  to  be  more  gradual.  The  shrinkage  water  retained  by 
the  clay  heated  to  400®  still  constitutes  a  large  part  of  the  total 
water,  thus  indicating  that  the  residual  plasticity  is  still  consider- 
able.    This  clay  should  be  a  safe  material  for  preheating  purposes. 
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Fig.  lA.-^Rehtkms  of  shrinkage  to  pore  water  ofAtktns,  Ohio,  clay,  preheated  at  different  tem- 
peratures, again  vnade  plastic  with  water  and  dried  at  60^  C. 

In  Fig.  14  the  material,  a  fire  clay,  shows  a  decrease  in  shrink- 
age water  between  300^-400°  and  a  fairly  high  amount  of  shrinkage 
water  at  the  highest  temperature.  It  is  evident  that  if  preheat- 
ing were  necessary  in  this  case  the  temperatm^  could  exceed  300®. 
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From  these  illustrations  it  appears  that  the  proper  preheating 
temperature  varies  for  different  clays.  While  in  certain  materials 
the  desired  change  to  a  more  nonpiastic  condition  is  brought 
about  gradually  it  is  abrupt  in  others.  It  is  evident  from  this 
consideration  that  the  permissible  temperature  range  in  the 
former  case  is  considerably  wider  than  for  the  latter,  where  an 
excessive  temperature  might  carry  the  conditions  too  close  to  the 
inert  state. 

From  the  work  done  in  the  present  study  no  general  conclusions 
can  be  stated  as  to  the  behavior  of  all  kinds  of  clay.  As  a  broad 
proposition,  it  might  be  said  that  the  more  impure  clays  show  as 
a  rule  a  more  abrupt  change  and  more  narrow  temperature  limits 
than  the  more  homogeneous  plastic  clays  of  the  No.  2  fire-clay  or 
ball-clay  t3rpes. 

In  regard  to  the  time  required  for  the  preheating  no  attempt 
has  been  made  to  look  into  this  matter,  but  it  would  appear  from 
the  present  work  that  it  is  Simply  a  question  of  transmitting  the  heat 
through  the  Itunps  of  clay.  The  larger  the  average  size  of  the 
clay  lumps  the  longer  should  be  the  time  allowed  for  the  heating. 
From  this  it  follows  that  it  would  be  policy  in  commercial  work  to 
shred  or  cut  up  the  material  before  introducing  it  into  the  drying 
apparatus.  Under  the  conditions  of  practice  the  temperature  of 
the  rotary  dryer  is  best  maintained  close  to  500®  C,  and  the  time 
of  passage  through  the  dryer  reduced  accordingly. 

8.  THE  EFFECT  OF  PREHEATING  UPON  THE  MANUFACTURE  OF  CLAT 

PRODUCTS 

Since  it  has  been  shown  by  experiment  that  the  pore  space  of 
preheated  clays  increases  as  the  clay  particles  gradually  assume 
the  character  of  more  or  less  inert,  sand-like  matter,  the  question 
arises  whether  it  might  not  be  possible  that  some  clays,  even 
though  preheated  at  lower  temperatures,  would  become  too 
porous  to  be  worked  successfully  by  certain  molding  machines 
used  in  practice,  due  to  the  fact  that  the  permissible  limit  of  pore 
water  had  been  reached.  Under  this  condition  might  it  not  be 
that  owing  to  the  greater  average  distance  between  the  particles 
the  cohesive  force  would  not  suffice  to  hold  the  mass  together  if  a 
larger  amount  of  water  is  used  than  is  necessary  to  bring  the  clay 
to  the  condition  in  which  it  is  used  in  auger  machines  ? 
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This  point  was  investigated  by  making  up  two  preheated  sur- 
face clays  with  a  large  amoiuit  of  water  to  the  consistency  of  the 
so-called  ''soft -mud"  process  and  making  them  into  bricks  in 
regular  wooden  brick  molds.  It  was  found  in  both  cases  that  the 
days  showed  a  decided  tendency  to  *'  slump  "  and  that  they  were 
too  weak  to  withstand  the  drying  strains,  resulting  in  bad  cracking 
and  checking.  The  same  preheated  cla3rs  when  worked  on  the 
auger  machine  dried  without  difficulty.  This  shows  that  the 
amount  of  water  used  in  bringing  such  a  clay  to  the  plastic  state 
must  not  be  excessive.  Prom  this  standpoint  the  auger-machine 
and  dry-press  process  are  to  be  preferred  to  the  "soft -mud" 
method  of  molding. 

In  tempering  preheated  clay  the  point  of  proper  stiff  plastic 
consistency  is  defined  more  sharply  than  with  the  normal  mate- 
rial. When  the  predried  clay  is  worked  in  the  auger  machine  it 
is  important  to  provide  the  best  lubrication  it  is  possible  to  secure, 
in  order  that,  owing  to  the  decreased  plasticity  no  strains  are  pro- 
duced due  to  the  flow  of  the  clay  through  the  die.  The  tendency 
to  show  auger  lamination  seems  to  be  reduced  by  the  preheating 
of  the  clay.  Owing  to  the  decreased  drying  shrinkage,  the  die  or 
mold  may  be  made  smaller  where  common  brick  or  other  porous 
ware  is  to  be  produced.  For  vitrified  products  the  gain  due  to 
the  smaller  mold  size  is  sUght,  since,  owing  to  the  increased 
porosity  of  the  dry  clay,  the  burning  shrinkage  will  be  greater. 

With  reference  to  the  burning  of  preheated  clays  it  has  been 
fotmd  that  the  combined  drying  and  burning  shrinkage,  the  burn- 
ing being  carried  through  vitrification,  is  less  than  in  the  case  of 
the  normal  material.  Clays  differ  in  this  respect,  however. 
While  in  one  instance  the  difference  in  the  total  volume  shrinkages 
was  but  I  per  cent,  in  others  it  was  very  much  greater.  In  one 
case  the  difference  amounted  to  12.4  per  cent,  expressed  in  terms 
of  the  dry  volume." 

For  products  to  be  vitrified  the  factor  of  the  greater  porosity  in 
the  dried  condition  may  enter  into  consideration.  Since  in 
vitrification  the  pore  space  is  more  or  less  gradually  closed  up, 
due  to  the  softening  of  the  clay,  it  is  evident  that  the  contraction 
in  the  apparent  volume  of  a  piece  of  clay  ware  must  be  practically 

^  A.  V.  Bleininger  and  P.  E.  Layman,  Trans.  Am.  Ceramic  Society,  n,  pp.  354-365. 
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equivalent  to  the  pore  space  of  the  dried  material.  The  extent 
to  which  such  a  volume  shrinkage  may  take  place  without  injury 
to  the  structure,  distortion,  etc.,  is  evidently  limited.  While,  for 
instance,  a  brick  made  from  shale,  with  an  initial  compact,  dense 
structure  may  be  vitrified  without  an  excessive  contraction 
during  btuning,  a  plastic  stuiace  clay,  of  loose  structure  on  being 
carried  to  vitrification  will  suffer  a  far  greater  shrinkage,  and 
hence  is  much  more  subject  to  defects  brought  about  by  the  con- 
traction in  volume.  If  this  clay  were  now  to  be  preheateti  at  a 
temperature  at  which  its  pore-water  content  is  increased  decidedly, 
it  is  clear  that  the  difl&culty  referred  to  would  be  accentuated. 
For  instance,  referring  to  Fig.  12,  it  is  reasonable  to  suppose  that 
this  clay  when  preheated  to  300®  would  likely  be  troublesome  in 
btuning  it  to  vitrification.  On  the  other  hand,  the  clay  repre- 
sented by  Fig.  14,  under  the  same  conditions,  would  in  all 
probability  behave  very  similarly  to  its  condition  in  the  normal 
state. 

From  this  it  follows  that  some  plastic  clays,  while  they  may  be 
corrected  as  to  drying  behavior  by  preheating,  might  crack  or 
check  in  burning,  due  to  excessive  burning  shrinkage.  The  effect 
of  the  preliminary  drying  thus  must  be  determined  for  each  clay, 
and  in  any  case  the  preheating  must  be  carried  on  at  the  lowest 
temperature  which  suffices  to  overcome  the  drying  defects.  In 
some  cases  the  admixture  of  normal  and  preheated  clay  might  be 
satisfactory. 

In  practice  the  preliminary  drying  is  undoubtedly  carried  on 
most  efl&dently  in  rotary  dryers,  such  as  are  now  in  common  use 
in  the  Portland-cement  industry.  The  cost  of  the  treatment  in 
well-constructed  dryers  of  this  type  is  estimated  to  vary  from  10  to 
15  cents  per  ton  of  bank  clay  under  the  conditions  obtaining  in  the 
Middle  West,  Including  labor  and  depreciation.  This  extra  cost 
no  doubt  is  a  burden  which  should  not  be  assumed  where  the  clay 
can  possibly  be  made  to  dry  satisfactorily  by  other  means,  such 
as  the  addition  of  sand,  weathering,  etc.  But  where  no  other 
material  is  available  and  clay  products  are  in  demand,  owing  to 
lack  of  timber  and  stone,  or  where,  as  has  been  found  in  the  case 
of  an  Illinois  joint  clay,*'  even  the  addition  of  sand  does  not  over- 
come the  tendency  to  crack  in  drying,  the  treatment  offers  a  pos- 
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sible  solution  of  the  difficulty.  Five  instances  are  at  present 
known  to  the  writer  in  which  preheating  has  been  found  to  be  the 
means  of  overcoming  the  poor  working  and  drying  quaUties  of 
certain  clays,  as  has  been  proved  by  tests  on  a  large  scale. 

At  the  same  time  it  must  be  remembered  that  the  dry  clay  can 
be  disintegrated  and  screened  more  readily  than  the  clay  coming 
wet  from  the  bank,  thus  enabling  the  manufacturer  to  remove  the 
impurities,  such  as  gravel,  limestone,  pebbles,  and  other  mineral 
detritus,  which  are  especially  liable  to  be  present  in  the  glacial 
clays,  more  cheaply  and  thoroughly,  besides  making  the  operator 
independent  of  weather  conditions.  Also,  it  is  thus  possible  to 
produce  wares  of  a  higher  grade  from  low-grade  material  and  in 
districts  where  other  clays  are  lacking. 

9.  SUMMARY 

The  plasticity  of  clays  is  decreased  by  heating  at  temperatures 
above  loo®  C.  This  change  becomes  more  marked  with  higher 
temperatures  and  is  accompanied  by  reduction  of  the  drying 
shrinkage  upon  reworking.  According  to  the  nature  of  the  clay, 
the  change  proceeds  abruptly  after  reaching  a  certain  tempera- 
ture or  is  more  or  less  gradual  throughout.  A  decided  alteration 
seems  to  occur  in  most  clays  between  200®  and  300®  C,  as  is  shown 
by  the  granular  appearance  of  the  clay  and  the  decrease  in  the 
drying  shrinkage.  The  color  also  becomes  darker,  and  in  ferrugin- 
ous materials  assumes  a  reddish  hue. 

The  purer  clays  seem  to  be  affected  more  gradually  by  this  heat 
treatment. 

The  rate  of  drying  of  the  preheated  clays  does  not  seem  to  differ 
from  the  rate  for  the  undried  clays. 

Excessively  plastic  clays,  which  dry  difficultly  and  result  in  loss 
due  to  checking  and  cracking,  behave  normally  in  drying  after 
being  preheated.  The  best  temperature  for  this  treatment  must 
be  determined  for  each  clay,  and  invariably  the  lowest  possible 
temperature  giving  the  desired  result  should  be  adopted.  Some* 
preheated  clays  seem  to  release  their  soluble  salts  more  easily  than 
the  normal  materials.  Such  clays  are  likely  to  show  dryer 
efflorescence. 
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Clays  thus  treated  should  be  tempered  with  as  little  water  as 
possible  and  require  good  lubrication. 

The  cause  of  the  improved  drying  quality  of  the  preheated  clays 
is  to  be  sought  in  the  increased  porosity.  It  appears  that  coagu- 
lation of  the  flocculent  portion  and  the  fine,  nongranular  particles 
of  the  clay  takes  place,  analogous  to  the  set  of  certain  gels. 

The  combined  drying  and  burning  shrinkage  of  preheated  clays 
(burnt  through  vitrification)  is  less  than  that  of  the  normal  mate- 
rials. In  most  cases  the  drying  shrinkage  is  decreased  at  the 
expense  of  the  burning  shrinkage,  which  becomes  greater  than  the 
normal  contraction.  In  some  clays  the  increased  porosity  in  the 
dried  state  may  cause  the  burning  shrinkage  (if  carried  through 
vitrification)  to  be  excessive,  in  which  case  the  product  will  show 
checking  or  cracking  in  burning.  Such  clays,  unless  their  objec- 
tionable features  in  drying  can  be  eliminated  by  preheating  at  a 
low  temperature,  arje  not  benefited  by  this  treatment. 

Preheating  offers  a  possible  commercial  method  for  the  treat- 
ment of  excessively  plastic  clays  which  can  not  be  worked  and 
dried  successfully  by  other  means,  subject  to  the  limitations  out- 
lined above. 

Washington,  December  6,  19 10. 
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INTRODUCTION 

The  present  observations  are  the  restilt  of  an  attempt  to  obtain 
a  more  thorough  knowledge  of  the  optical  properties  of  the  metals 
used  in  incandescent  lamps.  Several  other  elements  on  the  border 
line  between  the  metals  and  nonmetals,  not  heretofore  examined, 
are  included,  since  the  data  are  of  general  interest. 

In  a  paper  on  the  radiation  constants  of  metals  ^  attention  was 
called  to  the  fact  that  all  the  pure  metals  thus  far  examined  have 

'This  Bulletin  5,  p.  330;  X908.  So  also  this  Bulletin,  2,  p.  470;  1907,  for  illustm- 
tion  of  the  reflectivities  of  various  metals. 
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the  common  property  of  a  low  reflecting  power  in  the  ultra-violet 
and  in  the  visible  spectrum,  which  rises  more  or  less  abruptly  to 
very  high  values  beyond  2^  in  the  infra-red,  and  that  it  was 
therefore  not  tmreasonable  to  assume  that  the  unexamined  metals, 
such  as  tungsten  and  osmium,  have  this  same  property.  This 
follows  from  the  fact  that  all  the  members  of  a  group  of  chem- 
ically related  substances  have  similar  physical  properties.  As 
will  be  noticed  on  a  subsequent  page,  this  assiunption  of  a  low 
reflectivity  in  the  visible  spectnun  has  been  verified  to  a  degree 
far  beyond  expectation. 

Since  the  reflectivity  of  metals  is  a  smooth  and  continuous 
function  of  the  wave  length  in  the  infra-red,  there  is  reason  for 
expecting  the  reflectivity  ctirves  of  these  heretofore  unexamined 
metals  (timgsten,  tantaliun,  etc.)  also  to  be  smooth  and  contin- 
uous. Their  spectral  energy  curves  must  therefore  be  smooth 
and  continuous  in  the  infra-red  (no  indentations  or  protuberances) , 
and  experimental  curves  showing  such  indentations  are  to  be 
regarded  with  suspicion  as  to  the  accuracy  of  the  observations. 

It  is  difl&cult  to  show  experimentally  this  selective  emission  in 
other  than  colored  metals  (e.  g.,  gold  and  copper)  by  means  of 
emission  spectra,  and  since  the  emissivity  in  the  short  wave 
lengths  appears  to  have  only  a  small  temperatiu'e  coefficient  it  is 
possible  to  gain  some  knowledge  of  the  emissivity  of  the  metal  at 
high  tem|>eratures  by  determining  its  reflectivity  at  low  tempera- 
tixres.  That  it  is  permissible  to  apply  data  obtained  at  low  tem- 
peratures to  the  same  substance  operated  at  high  temperatures 
follows  from  the  recent  work  of  Hagen  and  Rubens,'  in  which  it 
is  shown  that  for  wave  lengths  less  than  4^  the  optical  constants 
of  metals  vary  but  slightly,  if  at  all,  with  change  in  temperature, 
which  is  the  region  of  the  spectrum  of  interest  on  the  question  of 
the  selective  emission  of  incandescent  lamps  with  metal  filaments. 
We  have  therefore  a  positive  qualitative  proof  of  the  much  dis- 
cussed and  much  overworked  application  of  "  selective  emission  " 
(combined  with  a  high  operating  temperature)  to  explain  the  high 
luminous  efficiency  of  metal  filament  lamps.  As  will  be  noticed 
in  the  appended  illustrations,  the  selective  emission  must  lie  in 

'Hagen  &  Rubens,  Phys.  Zs.,  11,  p.  139,  1910;  Verh.  Phys.  Ge9ell.,10,  p.  7x0;  2908. 
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the  visible  spectrum.  Here  the  emissivity  is  almost  50%  (for  tung- 
sten) while  in  the  infra-red  it  is  only  from  4  to  10%  that  of  an 
ideal  radiator,  or  "black  body." 

In  the  present  experiments  a  fluorite  prism,  a  mirror  spectro- 
meter, and  a  new  vacuum  bolometer  were  used.  The  unknown 
metal  was  compared  with  a  new  silvered  glass  mirror  of  which  the 
reflecting  power  is  known.  The  absolute  value  of  the  reflectivity 
of  the  imknown  metal  was  obtained  by  multiplying  the  observed 
reflectivity  by  the  reflectivity  of  silver  given  in  Table  II  (data  from 
Hagen  and  Rubens) . 

A  Nemst  glower  was  used  as  a  source  of  radiation,  which 
permitted  making  observations  in  the  extreme  blue  and  at  10^ 
where  the  fluorite  prism  is  almost  opaque.  Since  the  glower  is 
very  narrow  it  is  necessary  to  have  a  very  accurate  adjustment 
of  its  images,  reflected  from  the  two  mirrors  upon  the  spectro- 
meter slit,  so  as  to  avoid  a  systematic  error  in  the  reflectivity.  The 
observations  in  the  infra-red  were  further  verified  by  using  a 
Nemst  "heater"  instead  of  the  glower. 

In  the  blue  and  beyond  Sfi  in  the  infra-red  the  acctwacy  is  of 
the  order  of  2  to  3%,  while  in  the  intervening  region  the  acctuacy 
is  of  the  order  of  i  per  cent.  There  is  no  diflSculty  in  obtaining 
high  accixracy  since  we  are  concerned  only  with  ratios  of  two 
numbers  (galvanometer  readings)  which  are  of  nearly  the  same 
value,  and  which  are  subject  to  the  same  errors  of  observation. 
In  view  of  the  physical  nature  of  the  material,  and  especially  of 
the  size  of  the  specimens  obtainable,  and  also  of  the  indirect 
comparison  with  silver,  it  would  be  illusory  to  attempt  to  attain 
a-  higher  accuracy  for  the  absolute  values.  This  is  especially 
true  of  tungsten  and  molybdenum  in  which  the  mirror  surface 
was  grotmd  upon  one  face  of  a  rectangular  prism  of  the  pure 
metal  20  x  6  x  6  mm  on  an  edge,  kindly  prepared  for  us  by  the 
General  Electric  Company.  The  narrowness  of  the  specimen 
does  not  permit  the  grinding  and  polishing  of  an  optically  plane 
surface.  The  dimensions  of  the  tantaltun  mirror  were  15  x  10  x 
I  mm;  it  was  prepared  by  Siemens  and  Halske  and  was  optically 
plane  and  highly  polished.  The  close  agreement  between  the 
observed  reflectivity  of  timgsten  and  molybdenum  at  12/1  and 
the  theoretical  value  obtained  from  a  knowledge  of  the  electrical 
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conductivity  is  therefore  to  be  regarded  as  somewhat  accidental. 
The  angle  of  incidence  of  the  light  upon  the  mirrors  was  from  1 2 
to  15  degrees,  which  is  sufficiently  small  to  be  considered  normal 
incidence,  and  hence  the  loss  by  absorption  (loo-reflectivity)  is  a 
measure  of  the  emissivity  of  the  metal. 

From  his  observations  on  the  optical  constants  (the  refractive 
index  n,  and  extinction  coefficient  fe),  at  0.579M  Wartenberg' 
computed  the  reflecting  power  of  various  metals,  some  of  which 
are  included  in  the  present  paper.  It  will  be  noticed  in  Table  I 
that  the  results  obtained  by  the  two  methods  are  in  excellent 
agreement  in  all  samples  having  a  good  poUsh. 

TABLE  I 


Manganese. 
ChromitiDDL 
Vanadium. 
Tantalum. . 
niobium... 
Cifaphite... 


Rcfloctliia  Poww 


63.5  p.  c. 
69.7;  'SS 
57.5;  *57.5 
43.8;  *4S 
41.3 
22.3;  *23 


Tungstm. 
Palladium 
Rhodium. 
Platinum. 
Iridium. . . 
Silicon 


Rcflocttna  Pvwnr 


48.6;  *51 
65.0 

78.3;  ♦77.5 
72.5 

74.6;  *7S 
35.7;  *32 


^OtiMivatlODS  by  W.  W.  C. 

It  will  be  noticed  that  even  in  the  visible  spectrum  the  same 
magnitude  of  the  reflectivity  is  to  be  fotmd  within  a  group  of 
metals.  For  example,  in  the  platimmi  group  the  reflectivity  does 
not  fall  below  70  per  cent,  while  in  the  chromiim  group  the  reflec- 
tivity centers  about  the  60  per  cent  point.  However,  only  beyond 
1 211  is  this  relationship  true  in  general. 

TUNGSTEN 

The  area  of  the  mirror  examined  was  5  mm  x  17  mm.  This 
specimen  was  made  from  the  pure  material,  which  is  somewhat 
brittle  and  did  not  permit  a  polished  surface  perfectly  free  from 
pores,  except  in  the  center.  This  causes  a  slight  scattering  for 
wave  lengths  up  to  3^  (see  discussion  under  graphite) . 

'Wartenberg,Verh.  Deutsch.Phys.Gesell.,12,  p.  105;   1910.    Hexmig.  Zeit.  Instk. 
30,  61,  1910;  gives  similar  data  on  the  reflectivity  observed  by  direct  measurement. 
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TABLE  n 


I' 


BAflaettng  Po 


•40ji 

.46 

.5 

.6 

.7 

1.0 
1.2 
1.4 
1.6 
2.0 
2.5 
3.0 
3.5 
4«0 
5.0 
64) 
7«0 
8.0 
9.0 
10.0 
12U) 
12U) 


844) 
89.0 
904) 
92.5 
94.2 
9S.1 
96.4 
97.2 
97.6 
97.8 
97.9 
97.9 
984) 
98.3 
98.4 
96.5 
98.6 
98.6 
98.8 
98.9 
99.0 
98.9 


1 


48 
55 
58.4 

64.2 
694) 

70.3 
73.0 
754) 
76.8 
78.0 
80.6 


76 


79 
81 
84 
86.5 

88.3 
89.5 
91 
91.6 


...... 

88.8 

7A.W 

92 

91.5 

92.5 

93.5 

93 

93.5 

95.5 

93.5 

95.1 

94 

95.4 

94.5 

95.9 

96.5 

I 


47.0 
48.2 
49.3 
51.3 
54.0 
56.3 
62.3 
68.2 
73.8 
78.0 
84.6 
89.2 
90.5 
92.0 
92.8 
94.0 
94.6 
95.1 
95.6 
95.5 
95.5 
96.3 
♦97.2 


li 


S 


44.0 
44.6 
45J 
47.6 
49.8 
52.3 
58.2 
63.6 
69.0 
74.2 
81.6 
85.5 
87.6 
89.2 
90.5 
92.0 
93.0 
93.3 
93.7 
94.0 
94.5 
95.2 
♦97.3 


554) 
57.5 
59.5 
61.5 
65.0 
68.5 
71.5 
74.3 
78.0 
81.5 
84.5 
87.5 
89.5 
91.5 
93.0 
94.0 
94.0 
93.8 


gsCs 


38.0 

45 

56 

64.5 

78.5 

84 

86.5 

88 

90.5 

91.6 

92.3 

92.8 

93.0 

93.0 


93.5 
93.8 


95.0 
♦95.3 


I 


55 
56 

57 


59 
61 
63 
66 

70 


76 
81 
85 


89 
92 
93 


♦97 


I 


57.0 


58.5 

59^ 

61.3 

63 

64.5 

66 

69 

71.7 

74.3 

76.7 

78.8 

82 

85 

87.8 

89.8 

92 


I 

z 

< 


53 


55 


58 

60 


65 


68 


70 


72 


3 


34 

32 

30 

29.2 

28 


28 


28 
28 


28 


28 


28 


d 

M 


724) 
73.0 


74.0 


75 


77 
79 
80.5 


83.5 

86 

88 

91 
93 
93 


49 


48 

49.5 

50 


51 
52 
53 
54 
55 
57 
60 
63 
68 
72 
78 


21 
22 
22.5 

23.5 
24.0 
254) 
26.8 


304) 
324) 
35:2 
39.5 
434) 
46.0 
47J 
50.5 
524) 
53.5 
55.5 
57.5 
594) 


♦  VfthiM  conipiitsd  firani  tli6  6l0cti1cftl  oonductlvllj. 

In  Fig.  I  and  in  Table  II  it  will  be  noticed  that  the  reflectivity 
of  tungsten  rises  abruptly  from  a  low  value  of  50  per  cent  in  the 
yellow  to  89  per  cent  at  2.5^1,  beyond  which  point  it  increases 
gradually  to  96  per  cent  at  io/a.  This  is  a  characteristic  of  pure 
metals. 

Hagen  and  Rubens  *  have  shown  that  for  long  waves  (greater 
than  i2/a)  the  absorption  (loo-reflectivity)  of  a  metal  may  be 
computed  from  its  electrical  conductivity  by  means  of  the  formula 

100— /?  =  ^y=^,where  R  is  the  observed  reflecting  power,  c  is  the 

reciprocal  of  the  resistance,  in  ohms,  of  a  conductor  i  m  long  and 
I  sq.  mm  in  cross  section,  and  X  =  wave  length  in  ^  =  .001  mm. 

*  Hagen  &  Rubens,  Ann.  der  Phys.  (4)  11,  p.  873;  1903.    Cbblentz,  this  Bulletin,  2, 
p.  470;  1907. 
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The  specific  resistance  of  a  sqtdrted  rod  (hence  probably  not 
so  pure  as  the  mirror  material)  of  ttmgsten  20  cm  long  and  i  .2  mm 
in  diameter  was  determined  by  Mr.  J.  H.  Bellinger  to  be  0.000  006  9 
ohm  per  centimeter  cube  at  21^.8  or  3.99  times  that  of  copper. 
The  sample  of  tungsten  upon  which  the  reflectivity  oberservations 
were  made  had  a  specific  resistance  of  0.0000063  at  21^.5  C,  or 
3.66  times  that  of  copper.  Its  density  was  10  (true  value  about 
19  or  20),  which  indicates  that  there  were  hollow  spaces  along  the 
axis  of  prism  of  metal,  which  was  about  2.5  cm  long  and  had  been 
broken  from  a  longer  rod.  At  one  end  of  this  specimen  there  was 
a  small  cavity,  but  it  was  not  possible  to  tell  how  far  it  extended 


100)( 


3  4  5  6  7 

TUNGSTEN..MOLYB0ENUM 

Rg.l 

along  the  central  axis  of  the  specimen.  This  would  cause  a  higher 
resistance  than  the  true  value.  Recent  determinations  by  Fink 
and  by  Parani  indicate  a  specific  resistance  of  about  0.000,005 
for  annealed  tungsten.  From  the  specific  resistance  of  this  sample 
of  ttmgsten  the  computed  reflectivity,  from  the  aforesaid  formula, 
using  X=  i2|i,  is  97.3  per  cent,  while  the  value  obtained  by  extra- 
polating from  lOft  is  96.3  per  cent.  As  already  stated,  this  is  in 
closer  agreement  than  is  to  be  expected  from  the  observations  and 
from  the  size  of  the  mirror  employed.  It  may  be  noticed  in 
Table  II  that  the  infra-red  reflectivity  of  ttmgsten  is  the  same  as 
that  of  platinum,  and  in  the  visible  it  is  the  same  as  that  of  steel. 
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For  a  perfectly  polished  stirface,  free  from  pores,  the  reflectivity 
of  tungsten  would  be  somewhat  higher  out  to  2fi,  because  of  the 
elimination  of  the  diffuse  reflection  which  obtained  in  the  present 
sample.  (See  graphite,  which  gives  an  extreme  case  of  diffuse 
reflectivity.)     The  restdts  show  that  in  the  previous  investigation 
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of  the  radiation  constants  of  metals,  it  was  permissible  to  assume 
that  the  same  emissivity  function  obtains  as  in  platinum,  with,  of 
course,  different  numerical  values  of  the  constants. 

In  Fig.  2,  curve  a,  is  given  the  spectral  energy  curve  of  a  new 
I  lo-volt,  32-candlepower  tungsten  lamp  when  on  a  normal  opera- 
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tion  of  55  watts.  The  mean  value  of  the  radiation  constant  for 
this  lamp  was  previously  computed^  to  be  about  «  =  6.5,  the 
variations  in  the  individual  computations  being  rather  large. 
The  spectrometer  calibration  has  just  been  recomputed,  which  is 
more  accurate  than  the  one  then  employed.  The  new  computation 
of  this  radiation  constant  is  not  sufficiently  different  from  the  old 
one  to  warrant  a  revision  of  the  data  then  published,  although  the 
individual  computations  are  in  closer  agreement.  The  new  value 
of  the  XTOox  =  i«225)tt  (old  X^ax^  1-257//)  and  the  new  a  =  6.2,  the 
shift  in  the  new  calibration  ctirve  being  about  0.02^1  toward  the 
short  wave  lengths.  On  the  basis  of  the  new  calibration  curve 
the  wave  lengths  of  maximiun  emission  are  too  large  by  about 
0.02^.  The  radiation  constants  are  also  too  large  by  3  per  cent 
to  5  per  cent.  Since  the  individual  computations  vary  by  this 
amotmt,  and  since  different  samples  of  the  metal  filaments  seem 
to  be  subject  to  variation,  the  old  values  are  probably  as  trust- 
worthy as  would  be  the  revised  ones.  The  experimental  data 
does  not  indicate  a  variation  of  the  constant  **a"  with  wave 
length.  For,  at  any  temperature,  the  values  of  **a*'  are  all  high 
or  all  low  irrespective  of  the  wave  lengths  selected  in  the  compu- 
tations. 

The  reflection  curve  and  the  radiation  constant  (or  =  6.2)  are  in 
close  agreement  with  that  of  platinum.  We  are  therefore  in  a 
position  to  make  comparisons  with  platinum  of  which  the  radiation 
constants  are  fairly  accurately  knovm.  Using  the  Atoox7'  =  262o 
of  platiniun,  and  the  observed  ^maa?  =  i-225)tt  of  tungsten,  the 
operating  temperature  of  the  aforesaid  lamp  was  1870°  C.  F6y 
and  Ch^neveau  (Compt.  Rend.,  149,  777,  1909)  by  using  radiation 
methods  obtained  1875°. 

From  the  observed  radiation  curve  a,  Fig.  2,  we  can  obtain  the 
black  body  curve,  6,  at  the  same  temperature,  by  dividing  the 
observed  emissivities  by  the  observed  absorptivities  (loo-reflec- 
tivity)  of  timgsten  given  in  Fig.  i.  The  maximum  emission  lies 
at  about  \nax^^Abl^  from  which  the  computed  temperature  is 
about  1 760°  C.  This  value  is  no  doubt  somewhat  too  low,  because 
no  account  was  taken  of  the  loss  by  diffusion  in  the  reflection 
curve  at  0.6  to  2//.  Using  the  reflectivity  values  of  platintun 
which  are  in  all  probability  higher  than  the  true  values  of  timgsten. 
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the  Auwa;  =  1 .38ft  in  place  of  Xmoar  =  i -45^^  and  t«i86o®  C,  which 
is  probably  too  high.  The  computed  values  of  a,  from  curve  6, 
Fig.  2,  vary  from  4.6  to  5.5  while  the  experimental  value  for  a 
"black-body"  is  a  =  5.  This  shows  that  curve  6  is  not  a  true 
** black-body"  radiation  curve.  There  are  two  evident  reasons 
for  this  discrepancy.  First,  the  observed  curve  a  has  not  been 
corrected  for  absorption  by  the  glass  walls  of  the  lamp,  which 
would  give  an  emissivity  at  2.5/1  somewhat  as  shown  by  dotted 
lines  in  Fig.  2.  Second,  the  reflectivity  is  not  known  with  suffi- 
cient accuracy  at  1.5  to  2/1  (because  of  diffuse  reflection  due  to 
the  fine  pores  in  the  specimen  examined)  where  a  small  error  in 
the  reflectivity  has  a  very  large  effect  in  the  position  of  the  maxi- 
mum of  the  radiation  curve.  If  it  were  not  for  this  difficulty,  this 
method  could  be  used  for  estimating  temperatixres  of  metal  fila- 
ments of  known  reflecting  power  (using  perfect  mirrors  for  deter- 
mining the  reflectivity) ,  but  of  which  it  is  impossible  to  measure 
the  temperatixre  directly.  Since  the  emissivity  and  the  reflectivity 
are  ftmctions  of  the  refractive  index  and  of  the  absorption  coeffi- 
cient, and  since  in  considering  the  emissivity  we  are  not  concerned 
with  the  scattering  effect,  it  does  not  seem  necessary  to  consider 
the  question  of  the  "blackening"  of  the  radiation  due  to  the 
porosity  of  the  filament,  so  long  as  the  size  of  the  pores  are  of  the 
same  magnitude  as  the  wave  length  of  the  emitted  light.  This 
case  seems  to  be  different  from  the  experiment  in  which  the 
mechanical  scratches,  made  in  a  strip  of  incandescent  metal,  show 
a  higher  emissivity  than  the  outer  surface.  The  present  observa- 
tions and  those  of  Waidner  and  Burgess  ^  seem  to  indicate  that 
on  "normal"  operation  the  timgsten  filament  is  at  a  temperature 
of  iSso"*  C  to  2200°  C. 

MOLYBDENUM 

The  area  of  the  mirror  examined  was  5  mm  x  17  mm.  The 
reflecting  surface  had  a  very  much  higher  polish  than  the  sample 
of  tungsten  just  described.  To  the  eye  it  was  apparent  that  the 
molybdenum  had  a  higher  absorption  than  the  timgsten  mirror. 
This  is  illustrated  in  the  bolometric  comparison,  shown  in  Fig.  i, 
which  indicates  a  reflectivity  of  only  46  per  cent  in  the  yellow, 

'Waidner  and  Burgess,  this  Bulletin,  2,  p.  319. 
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which  rises  abruptly  to  85  per  cent  at  2.5^  beyond  which  point 
the  reflectivity  gradually  increases  to  95  per  cent  at  10 fi.  The 
specific  resistance  of  two  samples  of  molybdenum  wire,  drawn  to 
a  uniform  diameter,  was  determined  by  Mr,  Bellinger.  The  wires 
were  respectively  15  cm  and  20  cm  in  length,  0.627  mm  and  0.815 
mm  in  diameter,  and  the  corresponding  specific  resistance  was 
.000  006  4  and  .000  006  2  at  21^.5.  This  is  about  3.6  times  the 
resistance  of  copper  and  practically  the  same  as  that  of  tungsten. 
From  this  it  appears  that  the  reflectivity  of  molybdenum  should 
be  as  high  as  that  of  tungsten  at  1 2^.  The  observations  indicate 
the  opposite  condition.  No  systematic  errors  could  be  detected 
in  the  observations  and  the  only  explanation  which  can  be  offered 
at  present  is  that  the  size  of  the  reflecting  surfaces  was  too  small 
to  establish  a  true  absorption  to  a  greater  accuracy  than  2  per 
cent  at  12^.  This,  however  is  not  a  large  discrepancy  when  it 
is  recalled  that  in  some  of  the  earlier  work,  using  larger  mirrors  of 
known  curvature,  errors  almost  as  large  as  these  are  on  record. 

The  reflectivity  curves  of  molybdemun  and  timgsten  are  so 
nearly  alike  that  from  a  consideration  of  their  emissivities  and 
luminous  efficiencies  there  seems  to  be  no  great  choice  in  the 
use  of  these  two  metals  in  incandescent  lamps.  On  the  other 
hand,  from  a  consideration  of  their  physical  properties,  the 
molybdenum  filament  would  be  the  preferable  because  it  seems  to 
retain  its  toughness  and  its  ductility,  in  contrast  with  ttmgsten 
which  seems  to  become  crystalline  and  brittle  after  being  oper- 
ated, for  a  while,  at  a  high  temperature.  The  melting  point  of 
molybdemmi  is  quite  high,  and  it  is  principally  a  question  of 
overcoming  certain  physical  weaknesses,  such  as  disintegration, 
in  order  to  make  this  material  useful  for  incandescent  lamp 

filaments. 

GRAPHITE 

Two  samples  of  graphite  were  examined,  the  one  being  the 
natural  mineral  from  Siberia.  Its  reflecting  surface  was  4  cm  x 
5  cm.  The  second  sample,  curve  b.  Fig  3,  was  a  longitudinal 
section  of  a  rod,  8  mm  in  diameter,  of  Acheson's  graphite.  It 
could  not  be  burnished  free  from  pores  which  were  rather  large, 
and  which  caused  a  scattering  of  the  radiation,  out  to  4/x  in  the 
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infra-red.  Beyond  this  point  it  reflects  as  highly  as  the  natural 
S  berian  mineral,  shown  in  curve  a,  Fig.  3.  The  natiu-al  mineral 
was  very  compact,  but  showed  the  rays  and  fibrous  structiu-e  of 
the  original  plant  or  tree  from  which  it  was  formed.  It  was 
burnished  or  "polished"  on  a  semi-matte  piece  of  plate  glass.  A 
thoroughly  ground  glass  was  too  rough,  while  the  smooth  plate 
was  found  equally  inapplicable.  The  partly  ground  glass  seemed 
to  hold  just  sufficient  material  to  work  into  the  softer  parts  without 
accumulating  sufficient  loose  material  which  would  roughen  the 
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GRAPHITE  TANTALUM 
Fig.  3 

surface.  The  glass  plate  was  kept  wet  with  clean  water  and  by 
the  application  of  some  pressiu'e  it  was  possible  to  prepare  a  very 
highly  polished  surface 

The  reflectivity  is  23  per  cent  in  the  yellow,  gradually  increasing 
to  63  per  cent  at  io/li.  From  the  low  reflectivity  at  2^1  in  the 
infra-red  there  results  a  high  emissivity  (in  contrast  with  the 
metals),  hence  the  graphatized  carbon  filament  can  not  have  the 
same  Itmiinous  efficiency  as  the  tungsten  lamp  at  the  same  tem- 
peratiu-e,  although  it  has  the  higher  emissivity  in  the  visible 
spectrum. 
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TANTALUM 

The  utilized  area  of  the  tantalum  mirror  was  9  mm  x  I4  mm. 
In  spite  of  its  excellent  polish,  it  showed  an  exceedingly  low 
reflectivity  throughout  the  spectrum,  as  compared  with  pure 
metals. 

The  curve  c,  in  Fig.  3  represents  three  series  of  observations, 
using  different  adjustments,  the  measurements  usually  agreeing 
to  one  part  in  100  to  200.  In  the  visible  spectrum  the  reflectivity 
is  only  10  per  cent,  which  gradually  increases  to  63  per  cent  at  lo/x. 
There  is  no  indication  of  an  approach  to  constant  reflectivity,  in 
in  the  infra-red,  such  as  obtains  in  piu-e  metals.  Subsequent 
correspondence  with  the  maker  showed  that  this  surmise  of  an 
impure  metal  was  correct.  The  surface  was  rendered  impure  by 
working  and  polishing  which,  by  the  action  of  gases,  formed  an 
exceedingly  hard  surface  layer.  From  the  writer's  experience  it 
appears  that  the  ease  with  which  a  tantalum  mirror  becomes  con- 
taminated in  polishing  depends  upon  the  previous  history  of  the 
metal.  For  example,  the  regulus  of  tantalum  obtained  from 
Von  Wartenberg  •  had  never  been  rolled  or  hammered,  and  it  was 
found  that,  in  polishing  it,  any  contamination,  such  as  for  exam- 
ple, the  blackening  caused  by  a  film  of  oil,  was  easily  removed. 
On  the  other  hand,  a  film  of  oil  on  the  mirror  just  described, 
which  had  evidently  been  worked  down  from  a  regulus  (Fig.  3,  c) 
formed  a  brown  coating  which  was  removed  with  great  difficulty.^ 
The  rear  side  of  this  mirror  was  therefore  groimd  flat  on  fine 
emery  paper,  which  for  the  final  polish  was  covered  with  a  layer 
of  alcohol  and  graphite.  By  stroking  lightly  and  lifting  the 
mirror  soon  after  the  alcohol  had  entirely  evaporated,  a  clean 
surface  was  produced  which  was  almost  free  from  scratches.  The 
old  surface,  of  which  the  reflectivity  is  given  in  Fig.  3,  was  so  hard 
that  it  could  not  be  polished  by  this  method. 

The  contrast  between  the  reflectivity  of  the  old  contaminated 
surface  and  the  new  surface,  polished  as  just  described,  is  shown 

*  Von  Wartenberg,  Verb.  Phys.  Gesell.,  12,  p.  121;  1910.  He  found  that  tantalum 
was  not  contaminated  by  polishing. 

^  See  fiulher  a  recent  investigation  by  Parani,  Verh.  Phys.  Gesell.,  12,  p.  301,  1910, 
who  likewise  finds  that  tantalum  is  easily  contaminated  by  gases. 
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in  Fig.  4.  Curve  c  gives  the  reflectivity  of  the  new  surface  as 
produced  by  the  fine  dry  emery  paper,  the  scratches  being  quite 
deep.  Ctu-ve  a  gives  the  reflectivity  of  the  same  mirror  after 
giving  it  the  final  polish  with  graphite  and  alcohol,  when  only  very 
fine  scratches  remained.  In  the  latter  case  the  scattering  is 
almost  eliminated,  and  the  reflectivity  rises  abruptly  from  39  per 
cent  in  the  yellow  to  85  per  cent  at  2. 5/*,  beyond  which  point  the 
rise  is  gradual  to  94  per  cent  at  9/*.  The  theoretical  reflecting 
power,  at  1 2^1,  computed  from  the  electrical  conductivity,  is  about 
95.7  per  cent. 


lOM 
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TANTALUM 

Fig.  4 

Through  the  kindness  of  Dr.  Von  Wartenberg  an  opporttmity 
was  granted  to  examine  the  tantalmn  regulus  mirror  used  by  him 
in  determining  the  optical  constants  in  the  visible  spectrum. 
The  area  of  surface  which  could  be  used  was  only  about  2.5  mm 
X  3  mm,  and  hence  it  was  impossible  to  obtain  the  absolute  reflec- 
tivities with  high  acciu-acy.  There  was  no  difficulty  in  obtaining 
the  relative  values  for  different  parts  of  the  spectrum,  which  is 
the  point  of  most  interest.  The  surface  of  the  mirror  was  per- 
fectly free  from  scratches.     The  reflectivity,  which  is  shown  in 
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curve  6,  Fig.  4,  rises  even  more  abruptly  to  high  values  than  was 
found  in  the  first  sample.  In  this  respect,  pure  tantalum,  zinc, 
and  silver  stand  tmique  among  the  metals.  Because  of  the  steep- 
ness of  the  reflectivity  curve,  the  emissivity  of  tantahim  in  the 
visible  spectrum  must  be  more  selective  than  obtains  in  tungsten 
and  molybdenum.  Fmthermore,  since  the  reflectivity  of  pure 
tantalum  is  higher  than  that  of  tungsten  at  i  to  2fjL,  it  must  have 
the  higher  luminous  efficiency. 

The  reflectivity  of  the  regulus  of  pure  tantalum  as  observed  by 
two  methods  (Wartenberg  computed  R  from  the  "optical  con- 
stants") is  about  45  per  cent  in  the  yellow.  The  other  mirror 
appeared  much  darker,  so  that  the  lower  reflectivities  as  shown 
in  Fig.  4  are  to  be  attributed  to  impurities.  The  tantalum  reg- 
ulus appeared  as  bright  as  the  prism  of  tungsten  already  described. 
The  most  casual  observation  shows  that  the  tungsten  filament  has 
^  much  whiter  metallic  luster  than  a  tantalum  filament.  This 
may  be  due  to  contamination  in  drawing  the  tantalum  wire, 
especially  if  drawn  with  oil  as  a  lubricant.  It  appears  that  in 
tungsten  all  the  impurities  can  be  driven  off  at  high  temperatures. 
This  is  not  necessarily  true  of  tantalum,  which  occupies  an  anom- 
alous position  in  the  scale  of  Ituninous  efficiencies  of  metals. 

From  the  observations  of  Waidner  and  Burgess,  who  found  that 
the  "normal "  operating  temperatinre  of  tantaltun  is  about  2000  C, 
it  is  evident  that  its  low  luminous  efficiency  is  not  due  to  a  low 
operating  temperature,  such  as  would  be  necessary  with  platinmn. 

Incandescent  lamps  of  tungsten  and  osmium  have  an  efficiency 
of  about  1.25  watts  per  candle,  while  for  no  apparent  reason  tan- 
talum must  be  classified  with  graphitized  carbon  with  an  efficiency 
of  about  2  to  2.5  watts  per  candle. 

The  foregoing  data  on  the  reflectivity  of  tantalum  and  graphite 
(Fig.  3)  shows  that  this  classification  is  consistent.  The  radiation 
constants  of  these  two  substances  are  almost  the  same  (total 
radiation;  tantalum  proportional  to  the  5.3-power  of  temp.; 
graphitized  filament  proportional  to  the  5.1 -power  of  temp.),  and 
the  manner  in  which  they  differ  is  in  the  right  direction,  since 
graphite  is  a  nonmetal.  Hence,  while  it  was  somewhat  contrary 
to  expectation  to  find  such  a  low  reflectivity  in  the  infra-red  for 
impure  tantalum,  this  is  not  inconsistent  with  other  data  such  as 
the  radiation  constants. 
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There  seems  to  be  a  prevailing  notion  that  the  polish  of  the 
metal  filament  is  of  great  importance,  but  it  is  not  apparent  how 
roughness  or  scratches  can  cause  a  "blackening"  of  the  radiation 
by.  successive  reflection  within  the  cavities  so  long  as  the  latter 
are  of  the  order  of  the  wave  length  emitted.  It  is  the  absorption 
coefficient  and  the  refractive  index  that  must  be  considered.  This 
is  especially  conspicuous  in  tantaltun  filaments.  When  new  they 
have  a  brownish  luster,  while  the  filaments  of  old  lamps  are  decid- 
edly black.  Similar  filaments  of  osmium  retain  their  gray  appear- 
ance even  after  becoming  crystalline.  Under  the  microscope  the 
crystalline  tantaltun  filament  appears  much  darker  than  tungsten, 
although  the  actual  polish  of  the  crystal  surfaces  of  the  latter  is 
much  higher.  Some  crystals  appear  as  dark  as  highly  polished 
jet  or  fine  grains  of  stibnite,  which  has  a  reflectivity  of  only  about 
35  per  cent.  This  low  reflectivity  in  the  visible  spectrum  produces 
a  high  emissivity,  but,  contrary  to  the  properties  of  the  ptu-e 
material,  the  reflectivity  continues  low  (emissivity  high)  in  the 
infra-red,  which  tends  to  lower  the  luminous  efficiency. 

The  ideal  solid  illtuninant  must  fulfill  the  conditions  of  a  high 
operating  temperature,  and  a  high  emissivity  in  the  visible  spec- 
trum. As  shown  in  Fig.  i,  of  all  the  metals  thus  far  examined, 
tungsten  approaches  nearest  to  the  fulfillment  of  these  conditions. 

ANTIMOKT 

It  was  found  impossible  to  produce  a  perfect  mirror  of  antimony, 
so  that  the  absolute  values  obtained  have  little  weight.  Since 
the  main  object  in  the  present  work  is  to  show  the  relative  values 
of  reflectivities  in  the  visible  as  compared  with  the  infra-red,  the 
results  obtained  on  several  antimony  mirrors  are  here  recorded. 
As  with  all  the  other  metals,  larger  surfaces,  either  plane  or  of 
known  curvature,  must  be  used  for  high  accuracy  in  the  absolute 
values. 

Two  samples  of  antimony  were  examined,  the  one  being  a 
mirror  (5  mm  x  1 7  mm)  polished  upon  a  cleavage  plane  of  a  large 
crystal  of  the  metal  (from  Kahlbaum),  the  other  being  a  mirror 
formed  in  vacuo  by  cathode  disintegration.  The  reflectivity  of 
the  polished  cleavage  piece  is  shown  in  curve  a  of  Fig.  5.  The 
reflectivity  is  low,  due  to  the  presence  of  numerous  large-sized 
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pores  which  resulted  m  the  polishing.  Two  cathode  mirrors  were 
also  examined.  The  first  one  contained  small  holes  caused  by 
dust  particles  on  the  glass  surface,  which  seemed  to  permit  radia- 
tion from  the  rear  surface  of  the  glass  (2  mm  in  thickness)  to 
return  on  its  path,  thus  causing  a  wavy  reflection  Qwrwt.  with 
maxima  of  about  65  per  cent  at  1.2/x,  2.5/A,  and  4/^,  and  minima  of 
55  to  60  per  cent  at  2//,  3.3/*,  and  6/x,  beyond  which  point  the 
reflectivity  increased  gradually  to  68  per  cent  at  9/x.  On  removing 
the  rear  mirror  surface  the  maxima  and  minima  were  destroyed. 
A  second  mirror  (5  mm  x  17  mm),  free  from  dust  holes,  and  with 
the  rear  surface  of  glass  free  from  metal,  was  examined,  the  data 
being  plotted  in  curve  6,  Fig.  5.  The  reflectivity  rises  from  53 
per  cent  in  the  yellow  to  a  fairly  imiform  value  of  72  per  cent  at  9/1. 


5        e 

ANTIMONY 
Fig.  5 

In  view  of  the  difficulty  in  producing  a  mirror  which  is  free  from 
carbon,  by  the  cathode  discharge,  and  in  view  of  the  fact  that  the 
mirror  seemed  darker  than  one  would  expect,  judging  from  the 
appearance  of  the  crystals,  it  seems  probable  that  the  reflectivity 
is  somewhat  higher  than  here  recorded.  However,  in  view  of  the 
fact  that  antimony  departs  considerably  from  the  true  metals,  the 
low  reflectivity  throughout  the  spectrum  is  probably  to  be  expected, 
as  will  be  noticed  presently  in  several  other  metals  which  lie  on 
the  border  line  between  the  electrical  conductors  and  the  insu- 
lators. 

In  conclusion,  it  may  be  added  that  cathode  mirrors  of  antimony 
are  easily  produced  in  5  to  7  minutes,  by  using  a  heavy  current. 
The  tendency  is  for  one  to  continue  the  discharge  for  a  longer 
period  than  this,  with  the  resultant  oxidization  of  the  central  part 
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of  the  mirror.  By  tising  a  residual  atmosphere  of  hydrogen  and 
a  low  current,  excellent  large-sized  mirrors  are  produced  in  half 
an  hour. 

RHODIUM 

The  sample  examined  was  kindly  loaned  by  Dr.  Von  Warten- 
berg.  The  area  of  the  surface  examined  was  5  mm  x  5  mm.  Sev- 
eral small  blowholes  were  present,  which,  with  the  smallness  of 
the  surf^e,  did  not  permit  high  accuracy  in  the  absolute  values 
of  the  reflectivities.  The  reflecting  power  (Fig.  6),  Rh,  rises 
abruptly  from  77  per  cent  in  the  yellow  to  92  per  cent  at  2.5/1, 
beyond  which  point  the  rise  is  gradual  to  about  94  per  cent  at  9//. 

IRIDIirM 

The  mirror  exammed  was  a  thick  plate  of  the  metal,  which  m 
the  polishing  had  not  been  perfectly  freed  from  pores,  which 
caused  scattering.  The  reflectivity  in  the  yellow  was  only  53 
per  cent,  which  increased  to  75  per  cent  at  2/1  and  to  90  per  cent 
at  Sfi.  This  same  plate  was  examined  several  years  ago  ■  when 
it  had  a  finer  polish.  The  reflectivity,  Fig.  6,  /r ,  was  fo^nd  to 
increase  from  79  per  cent  at  i  /i  to  95  per  cent  at  gfi.  Its  reflec- 
tivity seems  to  be  somewhat  higher  than  platiniun  in  the  visible 

spectrum. 

IRON 

The  sample  of  iron  examined  had  a  purity  of  99.8  per  cent. 
The  chief  impurities  were  .15  per  cent  copper,  .02  per  cent  man- 
ganese, and  .02  per  cent  carbon.  The  sample  took  a  high  polish 
and  reminded  one  somewhat  of  palladitun  in  its  general  appear- 
ances. The  reflectivity,  Fig.  6,  Fe,  rises  gradually  with  increase 
in  wave  length  and,  throughout  the  spectnun,  the  values  are 
about  2  per  cent  higher  than  the  values  previously  observed  on 
steel  b^  Hagen  and  Rubens. 

MAGNESIUM 

The  mirror  examined  had  a  surface  of  about  1.2  cm  x  2.5  cm. 
It  was  polished  with  considerable  difficulty.  A  highly  polished 
surface  free  from  scratches  was  finally  obtained  by  wet-grinding 

'See  this  Bulletm,  2,  p.  470, 1907,  where  the  reflectivity  data  of  this  and  ntimerous 
other  metals  is  tabtilated. 
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on  fine  emery  paper,  using  tin  oxide  (** putty  powder*')  and  then 
(dry)  polishing  the  surface  on  chamois  skin  with  a  little  putty 
powder.  This  procedure  prevented  the  formation  of  a  film  of 
oxide.  However,  the  surface  was  not  entirely  free  from  blisters, 
so  that  the  reflectivities  are  somewhat  higher  than  recorded  in 
Fig.  6,  Mg.  The  reflectivity  curve  is  somewhat  different  from 
that  of  a  piu-e  metal,  especially  of  alumimun.  (See  this  Bulletin, 
vol.  2,  p.  470.)  The  alloy  of  aluminum  and  magnesium,  mag- 
nalium,  has  a  reflectivity  curve  which  falls  between  these  two 
metals. 
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RHODIUM.  IRIDIUM.  IRON.  MAGNESIUM.  CHROMIUM 

Rg.  6 
CHROMIUM 

The  sample  of  chromium  was  sawed  from  a  liunp  of  the  metal 
made  by  the  Goldschmidt  process.  The  material  was  quite 
crystalline,  but  took  a  fairly  high  polish,  excepting  the  usual 
pores  which  were  rather  large  as  compared  with  those  of  the 
sample  of  tungsten,  just  described.  The  reflection  curve.  Fig. 
6,  Cr,  increases  gradually  from  55  per  cent  in  the  yellow  to  91 
per  cent  at  gpt.  Judging  from  previous  experience  with  other 
metals,  it  seems  quite  certain  that,  for  a  perfect  mirror  surface  of 
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noncrystalline  material,  the  reflectivity  of  chromium  would  be 
higher  in  the  yellow,  as  observed  by  Wartenberg.  While  part  of 
the  low  reflectivity  of  chromiiun  is  no  doubt  due  to  diffuse  reflec- 
tion, out  to  5/1,  it  is  to  be  noted  that  this  metal  produces  acidcom- 
poimds,  just  as  was  observed  with  antimony,  and  in  its  general 
properties  can  not  be  classed  with  the  true  metals.  Hence  its 
unusual  reflection  spectrum  is  to  be  expected. 
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TELLURIUM 

rig.  7 

VAKABIUM 

The  sample  examined  was  kindly  loaned  by  Dr.  Von  Warten- 
berg. The  surface  was  plane,  highly  polished,  and  the  area 
examined  was  about  5  mm  x  5  mm. 

The  reflecting  power,  curve  c.  Fig.  8,  rises  gradually  from  58 
per  cent  in  the  yellow  to  92  per  cent  at  9/*.  In  this  respect  it  is 
very  similar  to  chromimn  and  iron.  Fig.  6.  This  is  to  be  expected 
since  they  fall  in  the  same  group  in  the  Mendelejeff  series. 

TELLURIUM 

A  knowledge  of  the  reflectivity  of  tellurium  is  of  interest  because 
it  occurs  on  the  border  line  between  metals  and  nonmetals  and 
has  a  high  electrical  resistance.  It  is  usually  fotmd  in  a  highly 
crystalline  state,  and  it  is  therefore  difficult  to  polish  a  surface  free 
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from  pores.  The  reflectivity  curve  of  such  a  mirror  is  given  in 
curve  6,  Fig.  7.  It  is  of  interest  only  in  showing  the  general 
trend  of  the  reflectivities  in  various  parts  of  the  spectrum.  The 
absolute  values  would  be  very  much  higher  if  a  correction  could 
have  been  made  for  the  loss  by  scattering  caused  by  the  roughness 
of  the  surface. . 

The  best  mirror  used  in  the  present  examination  was  produced 
by  the  cathode  discharge  in  hydrogen.  It  was  foimd  that  unusu- 
ally large-sized  mirrors  can  be  deposited  in  this  manner,  the  time, 
required  being  about  half  an  hour.  Thin  deposits  of  tellurium 
transmit  a  reddish-brown  light,  which  would  indicate  a  low 
reflection  beyond  the  red  or  a  minimum  reflection  in  the  red. 
This  is  illustrated  in  curve  a,  Fig.  7,  where  at  .8^1  the  reflectivity, 
after  repeated  observations,  was  found  to  be  slightly  less  than  in  the 
yellow.  While  this  might  be  due  to  the  lack  of  knowledge  of  the 
true  value  of  the  reflectivity  in  the  visible  spectrum  of  the  silver 
comparison  mirror,  the  color  of  the  transmitted  light  seems  to 
indicate  such  a  minimmn.  The  occurrence  of  a  reflectivity 
minimum  so  far  in  the  red  is  unusual  m  the  true  metals.  How- 
ever,  the  characteristics  of  tellurimn  are  so  different  from  the 
usual  ones  of  true  metals,  that  such  an  unusual  reflecting  power 
is  probably  to  be  expected. 

The  construction  of  a  thermopile  having  large  surfaces  usually 
results  in  a  sluggish  instrument  because  of  its  great  heat  capacity. 
It  has  been  suggested  to  deposit  by  cathode  discharge  two  metals 
(for  example,  Te-Cu)  upon  some  material  which  can  afterwards  be 
removed.  These  two  films  of  metal  are  to  overlap  along  one  edge, 
which  forms  the  active  jimction.  The  thermoelectric  power  of 
tellurium  is  very  high;  and  in  view  of  the  ease  with  which  a  film 
of  this  metal  can  be  deposited,  it  might  prove  satisfactory  as  a 
surface  thermopile. 

SILICON 

A  knowledge  of  the  reflectivity  of  this  element  is  of  interest 
because  it  belongs  to  the  nonmetals  or  insulators.  Two  samples 
were  examined.     The  polishing  was  done  on  a  fine  grade  of  emery 
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paper  covered  with  a  mixture  of  tin  oxide  and  a  little  graphite. 
The  one  sample,  from  Kahlbatmi,  curve  6,  Fig.  8,  was  quite  homo- 
geneous and  took  a  very  high  polish,  free  from  scrat)[:hes.  The 
second  sample  from  the  Carbonmdum  Company,  curve  a,  Fig.  8, 
was  less  homogeneous,  its  hardness  was  greater  and  it  took  a  poor 
polish.  The  crystals  as  they  come  from  the  ftimace  are  of  a  bluish 
color,  as  was  also  true  of  the  highly  polished  remelted  sample 
here  examined.  This  causes  a  high  reflectivity  in  the  visible 
(i?  =  34  p.  c.  at  .5/a;  30  p.  c.  at  .jsfi;  28  p.  c.  at  ifi)  spectrum, 
which  decreases  rapidly  to  a  uniform  value  of  28  per  cent  beyond 
ifi  in  the  infra-red.    The  lower  value  of  24  per  cent  in  curve  a  is 
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due  to  the  porosity  and  to  the  consequent  diffuse  reflection  by 
this  sample  of  silicon.  From  an  examination  of  these  two  sam- 
ples it  appears  highly  improbable  that  the  absolute  values  of  the 
reflectivities,  to  lo^i  in  the  infra-red,  are  much  greater  than  30 
per  cent.  It  was  noticed  in  Fig.  3  that  the  reflectivity  of  graphite 
continues  to  rise  gradually  with  increase  in  wave  length.  The 
carbide  of  these  two  elements,  carbonmdum  SiC,  as  well  as  the 
oxide  SiO„  have  the  most  remarkable"  reflection  spectra  yet 
observed,  with  bands  of  selective  reflection  which  are  as  high  in 
value  as  the  reflectivity  of  pure  metals. 


^This  Bulletin,  2,  p.  476;  1907. 
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SUMMARY 

The  reflecting  power  of  various  metals  has  been  examined, 
including  tungsten,  tantalum,  and  molybdenum.  By  comparing 
these  metals  with  silver,  of  which  the  reflectivity  is  known,  the 
absolute  reflectivities  have  been  determined. 

Each  individual  substance  reqtiired  a  special  mode  of  polishing 
in  order  to  produce  a  smooth  surface  free  from  contamination. 
These  methods  are  indicated  in  the  text. 

It  is  shown  that,  in  common  with  all  the  other  piu-e  metals  pre- 
viously examined,  the  present  series  has  a  low  reflectivity  in  the 
visible  spectrum  which  increases  rapidly  to  high  values  in  the 
infra-red.  The  reflectivity  curves  of  tungsten  and  of  molybdenum 
are  so  nearly  alike  that  from  a  consideration  of  their  optical  prop- 
erties there  is  no  great  choice  in  the  use  of  these  two  metals  in 
incandescent  lamps.  Since  molybdenum  is  tough  and  tungsten 
is  brittle  (i.  e.,  becomes  brittle  after  being  operated  at  high  tem- 
peratures), it  remains  to  be  seen  whether  other  physical  diflEL- 
culties  can  be  overcome  in  the  former  metal  to  enable  its  introduc- 
tion as  an  illuminant. 

The  reflectivity  etudes  show  that  the  high  efficiencies  of  the 
metal  filament  lamps  is  due  to  their  low  reflectivity  (true  absorp- 
tion, and  not  diffuse  reflection,  is  meant)  in  the  visible  spectrum 
and  to  a  high  reflectivity  in  the  infra-red. 

A  high  operating  temperature  is  also  necessary  for  a  high  lumi- 
nous efficiency  in  metal  filament  lamps.  This  is  exemplified  in 
the  difference  in  the  efficiencies  of  platinum  and  tungsten  lamps. 

In  tungsten  the  low  reflectivity  in  the  visible  spectrum  results 
in  an  emissivity  of  almost  50  per  cent,  while  in  the  infra-red  the 
emissivity  is  less  than  10  per  cent  of  an  ideal  radiator. 

The  ideal  solid  illuminant  giving  a  high  Ituninous  efficiency 
must  fulfill  the  condition  of  a  high  operating  temperature,  a  high 
reflectivity  (hence  low  emissivity)  in  the  infra-red  and  a  low 
reflectivity  (high  emissivity)  in  the  visible  spectrum.  The  pure 
metals,  tungsten  and  molybdenum  fulfill  these  conditions  more 
exactly  than  any  other  known  metals,  excepting  tantalum,  which 
as  a  lamp  filament,  however,  does  not  have  the  optical  prop- 
erties of  the  samples  described  in  this  paper. 
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Thus  far  it  has  been  impossible  to  obtain  a  large-sized  sample 
of  pm*e  osmitim,  to  determine  its  reflectivity. 

In  concltision,  the  writer  expresses  his  appreciation  of  the  cour- 
tesy of  Dr.  Von  Wartenberg  in  submitting  his  samples  of  tan- 
talum, rhodium,  and  vanadium  for  examination. 

NOTBI 
ON  THB  THBRMOELBCTRIC  PROPBRTIBS  OF  MOLTBDBNUM 

Having  the  requisite  apparatus  and  pure  wire  at  hand,  it 
seemed  of  interest  to  determine  and  place  on  record  the  thermo- 
electric behavior  of  molybdenum.  This  seemed  especially  true 
since  its  physical  properties  do  not  warrant  a  separate  and  exten- 
sive investigation;  and  yet  this  data  is  of  importance  for  com- 
parison with  other  metals. 

The  methods  and  instruments  here  employed  were  described 
in  a  previous  paper  on  the  thermoelectric  properties  of  tantalum 
and  tungsten.^«  The  wire  used  (specific  resistance  given  on  a  pre- 
vious page)  was  .627  mm  in  diameter  and  about  25  m  long.  Cop- 
per wires  .2  mm  in  diameter  were  wound  tightly  around  the  ends 
of  the  molybdenimi  wire  and  soldered  with  tin.  For  the  melting 
points  of  zinc  and  tin  the  junction  was  in  a  thin  glass  tube.  Above 
600°  the  molybdenum  oxidized  so  rapidly  that  no  measurements 
were  made  on  its  emf.  For  temperatures  as  high  as  419® 
(m.  p.  zinc)  the  metal  shows  no  oxidation.  The  observations 
were  extended  to  —78^.5  C,  which  temperature  was  obtained 
with  a  thick  solution  of  carbon  dioxide  snow  and  ether.  The 
results  are  given  in  Fig.  9,  which  includes  tantalum.  Between 
0°  and  100°  these  two  metals  have  almost  the  same  thermoelectric 
power.  It  is  to  be  noticed,  however,  that  they  are  opposite  in 
polarity.  In  a  copper-tantalum  couple  the  direction  of  the  cur- 
rent is  the  same  as  in  copper-constantan,  while  in  copper-molyb- 
denum the  direction  of  the  current  is  opposite  to  that  of  a  copper- 
constantan  couple.  Between  0°  and  100°  the  thermoelectric 
power  of  the  molybdenum-copper  couple  is  4.4,  between  100°  and 
200°  it  is  6.6,  and  between  200°  and  400°  it  is  9.3  microvolts  per 
degree.  The  thermoelectric  power,  between  0°  and  100°,  is 
about  one-tenth  the  thermoelectric  power  of  copper-constantan. 


10 


This  Bulletin,  6,  p.  107;  1909. 
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HOTBn 
PRBSBRVATIOlf  OF  SaVBR  XCIRRORS 

Silver-on-glass  mirrors  and  especially  mirrors  made  by  grinding 
and  polishing  the  metal  itself  become  tarnished  and  turn  brown 
very  rapidly  when  exposed  to  the  air  in  the  laboratory.  The 
question  naturally  presents  itself  whether  or  not  the  slight  differ- 
ence in  reflectivity  of  molybdenmn  and  timgsten,  described  on  a 
previous  page,  is  caused  by  a  systematic  error  due  to  a  gradual  dete- 
rioration of  the  silver  comparison  mirror.  The  electrical  conduc- 
tivity indicates  that  the  reflectivity  of  molybdenum  should  be 
slightly  higher  than  timgsten.  Since  the  two  metals  were  ex- 
amined in  rapid  succession  on  the  same  day,  the  question  of 
deterioration  of  the  silver  mirror  is  negligible.  This  silver-on- 
glass  mirror  was  prepared  just  before  the  observations  were  made, 
but  no  difference  could  be  detected  between  it  and  mirrors  now 
almost  two  years  old.  The  latter  mirrors,  some  of  them  15  cm 
in  diameter,  also  a  mirror  of  solid  silver,  were  prepared  in  the 
earlier  part  of  1908  and  were  at  once  placed  in  a  large  desiccator 
containing  vessels  of  phosphorous  pentoxide  and  potassiimi 
hydroxide.  When  not  in  use  the  mirrors  are  kept  in  this  manner. 
A  large  mirror  spectrometer  has  its  optical  parts  similarly  inclosed 
and  the  mirrors  appear  as  white  as  when  ipade  two  years  ago. 
This  simple  device  of  keeping  the  mirrors  in  dry  air  seems  to 
preserve  them  indefinitely,  in  marked  contrast  with  mirrors 
standing  in  the  open,  when  the  surface  tarnishes  in  a  very  short 
time. 

NOTE  m 
COBCBCBNTS  ON  RADIATION  LAWS  OF  MBTALS 

In  a  previous  paper  "  the  spectral  radiation  constant,  "  or,"  of 
various  metals  was  described.  This  "constant"  was  foimd  to 
vary  with  the  temperatiure  and  theoretical  reasons  were  given  to 
accoimt  for  this  variation.  The  data  presented  in  the  present 
paper  support  the  experimental  data  then  obtained,  but  lead 
to  a  different  and  a  more  plausible  explanation  of  the  cause  of 
the  variation  in  "or"  with  temperature.  If  in  the  previous 
experiments  the  equation  representing  total  radiation  had  been 

^^  Coblentz,  this  Bulletin,  6,  p.  339;  1909.    See  p.  367  for  a  diaciission  of  the  radia- 
tion from  platinum. 
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considered,  5  =  cr7^~^,  then  we  would  have  had  to  consider  the 
constant  *'<r"  as  well  as  the  constant  "or."  The  constant  "c„" 
in  the  equation  c,  =  arXnMi,T,  also  involves  the  temperature,  as 
well  as  other  factors,  so  that  "a"  was  the  only  constant  that 
could  be  investigated,  as  described  in  the  aforesaid  paper. 

Assuming  "  a  value  of  a  =  6,  the  radiation  from  platinimi 
observed  by  Lummer  and  Kurlbatun  ",  shows  a  variation  in  the 
constant  of  total  radiation  from  <r  =  8.24  to  cr=ii.i6  for  an 
increase  in  temperature  of  about  1275  degrees. 

It  seems  apparent  that  "  <r"  can  not  be  considered  constant,  for 
it  indicates  the  emissivity  per  unit  area  of  a  surface  radiating  under 
specific  conditions.  Now  if  those  conditions  vary,  as  is  true  of 
the  metals  in  which  the  absorptivity  (at  any  wave  length)  is  a 
ftmction  of  the  temperature,  it  would  seem  that  the  "<r"  can  not 
remain  constant,  but  mtist  increase  with  rise  in  temperature. 
The  coefficient  of  emissivity,  *'<r,"  must  therefore  be  rigidly 
defined,  just  as  is  true  of  the  resistivity. 

The  constant,  a,  in  the  Wien  equation  E=Ci\'^e~^^  and  as 
tentatively  assvuned  in  the  aforesaid  computations,  relates  to  a 
specific  region  of  the  spectrum;  and  irrespective  of  the  writer's 
published  data,  experiments  by  others  show  that  the  emissivity 
of  metals  at  any  wave  length  in  the  infra-red  is  affected  by  the 
temperature,  i.  e.,  it  has  a  temperature  coefficient.  But  this  is 
not  all.  At  low  temperatures  the  maximum  emission,  £««», 
falls  in  the  region  of  3  to  6  /i  where  the  reflecting  power  at  a  given 
temperature  is  practically  constant  and  we  have  to  consider  only 
the  change  in  the  radiation  constant,  "a,"  due  to  the  temperature 
coefficient  of  the  reflectivity.  At  high  temperatures  the  E«ax 
falls  in  the  region  of  i  .5  /*  (see  Fig.  i) ,  where  at  any  given  tempera- 
ture the  reflectivity  changes  rapidly  with  wave  length;  and  as  it 
shifts  toward  the  short  wave  lengths  the  E^nax  must  increase  by  a 
different  law  (from  the  Wien  equation  Ef^az  =  B  T*)  from  what 
it  did  when  at  3  to  6  fi.  In  the  region  of  1.5  /a  the  temperature 
coefficient  is  small,  but  the  absorption   (loo-reflectivity)   varies 

"  Lummer  and  Ktirlbaum,  Verh.  Phys.  Ges.,  Berlin,  17,  p.  106;  1898.  They 
assumed  a  value  of  a=5  and  found  a  variation  of  a^4,2S  to  0-^19.64  for  a  temperature 
change  of  about  1275^. 
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rapidly  with  wave  length,  while  beyond  3  /*  the  conditions  are 
exactly  the  reverse.  In  both  cases  the  emissivity,  Emaxt  in- 
creases in  a  different  manner  than  posttilated  by  the  simple 
radiation  formulas. 

Now,  from  the  Wien  equation,  £*  =  CiX~*e"^^^,  the  radiation 
constant  "a"  is  computed  from  the  equation  (Eq.  i) 

logE-  logE^:^ 


^^^'  ^^  loge  -  J""'  log  « +log  ^ 

where  E  and  Eimx  are  the  emissivities  at  the  wave  lengths  X  and 
"^maxf  respectively.  It  will  be  noticed  that  the  temperature  of 
the  filament  does  not  enter  into  this  equation.  From  the  most 
recent  work  of  Hagen  and  Rubens,  (Phys.  Zeit.  2,  p.  139,  1910) 
it  appears  that  in  the  region  extending  from  the  visible  to  3  /i 
the  temperature  coeflSdent  of  emissivity  is  extremely  small,  and 
the  observed  variations  in  "or"  with  temperature,  as  computed 
from  the  above  equation,  must  be  due  to  some  other  cause  than 
a  true  temperature  coefficient  of  emissivity.  This  cause  is  not 
difficult  to  find  if  we  tiun  to  the  reflectivity  curves.  Fig.  i.  At 
low  temperatures,  when  \max  falls  in  the  region  of  2  /a,  the  E^f^ax  is 
but  slightly  affected  by  the  temperature  coefficient  of  emissivity, 
and  since  the  reflecting  power  varies  but  slowly  with  the  wave 
length,  the  Emax  will  be  closely  that  required  by  the  Wien  equation 
(£^ma«  =  ^  7^)-  At  high  temperatures  when  the  X^i^ax  falls  in  the 
region  of  1.2  /a,  the  Emax  falls  in  the  region  where  the  reflectivity 
changes  rapidly  with  wave  length,  and  consequently  the  value 
of  Emax  must  increase  at  a  higher  rate  than  required  by  the  equa- 
tion Emax =BT^.  The  difference  between  log  E  —  log  Emax  (Eq.  i) 
must  therefore  be  less  than  would  otherwise  be  the  case,  due  to 
this  fact,  and  the  decrease  in  **a"  with  temperature  when  com- 
puted from  the  above  equation  must  necessarily  follow,  as 
observed. 

From  the  reflectivity  curves  this  seems  a  plausible  explanation. 
Hence,  an  accurate  value  of  "or"  cannot  be  computed  from  the 
Wien  equation  as  expressed  in  (Eq.  i).  However,  from  the  close 
agreement  between  Uie  values  of  "  a  "  of  platinum  by  this  and  by 
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more  direct  methods,  it  is  evident  that  the  errors  resulting  from 
the  use  of  Equation  i  are  not  seriotis.  The  aforesaid  work  has 
shown  in  a  fairly  quantitative  way  that  the  constant  "a"  of 
timgsten  is  much  higher  than  that  of  platinmn  and  of  carbon. 
The  great  suppression  of  the  radiation  of  timgsten  as  compared 
with  carbon  in  the  infra-red  is  another  proof  of  this.  The  Wien 
spectral  energy  curves,  using  different  values  of  "or,"  illustrate 
this  same  behavior,  as  may  be  easily  verified  by  plotting  the  data 
given  in  Table  I,  this  Bulletin,  5,  p.  347. 

It  seems  evident  that  any  spectral  radiation  formula  which  can 
be  set  up  must  contain  factors  which  will  take  into  consideration 
not  only  the  variation  in  emissivity  with  temperature,  but  also 
the  variation  in  the  absorptivity,  which  is  a  fimction  of  the  wave 
length  and  the  temperature.  Whether  the  constant  "or"  really 
varies  "  as  found  in  my  previous  paper  where  the  Wien  equation 
was  tentatively  assumed,  or  whether  the  constant  "cr"  varies,  or 
whether  both  vary,  is  not  the  all  important  question  at  this  stage 
of  our  knowledge.  The  most  important  thing  for  the  present  is 
to  get  further  experimental  data  "  on  total  and  spectral  radiation, 
using  wide  strips  of  such  metals  as  platinum  and  timgsten,  and 
suitable  means  to  measure  the  temperatures.  In  this  manner  it 
is  hoped  to  contribute  more  accurate  data  in  the  near  future. 

Summary. — ^For  metals  the  physical  facts  are: 

(i)  An  extraordinary  variation  in  their  reflectivity,  from  the 
visible  to  about  2fi,  beyond  which  point  the  reflectivity  increases 
but  slowly  with  wave  length. 

(2)  A  small  temperature  coefficient  of  emissivity  from  the 
visible  to  3^1,  beyond  which  point  the  temperature  coefficient  in- 
creases rapidly  with  wave  length. 

(3)  For  the  black  body  the  position  of  maximum  emission  in 
the  spectral  energy  curve  shifts,  with  the  rise  in  temperature, 
toward  the  short  wave  lengths  by  a  given  amount,  because  only 
the  temperature  enters  the  problem  and  XmaxT = const.  Further- 
more the  height  of  the  maximum  emission  increases  by  a  fixed 
amount  E„^ax  =  BT^.  The  total  radiation  progresses  as  S  =  <r7^"*. 
The  constants  "or"  and  "c, "  are  concerned  in  the  slope  of  the 

"  This  conclimon  was  evident  in  my  previous  paper.    This  Bulletin ,  5 ,  p .  3 79 ;  1909. 
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spectral  energy  curve,  while  **<r"  defines  the  total  emissivity  per 
unit  area  of  the  radiator.  In  the  pure  metals,  the  variation  in 
Emax  aiid  ^max  will  be  affected  (by  opposite  amounts)  by  (i)  and 
(2),  and  as  already  mentioned  in  the  text,  these  formulae,  just 
mentioned,  must  be  modified  to  take  account  of  these  facts. 

(4)  The  cause  of  the  constancy  of  "a,"  as  fotmd  in  the  visible 
spectrum  and  of  its  variability  as  foimd  in  the  infra-red,  is  prob- 
ably due  to  the  fact  that  in  the  very  limited  region  of  the  visible 
spectrum  \^  and  X,  are  close  together,  and,  in  the  computations, 
they  are  taken  the  same  at  different  temperatures.  Moreover  no 
temperature  coefficient  of  emissivity  has  yet  been  definitely 
established  in  this  region.  On  the  other  hand,  in  the  infra-red, 
\  and  Xmax  aJ'c  f^ir  apart,  and  X^^ax  ^  different  for  different  tem- 
peratures, Ftulhermore,  the  Xmax  is  affected  by  a  temperattu-e 
coefficient  of  emission,  and  by  a  rapid  change  in  emissivity  due 
to  a  rapid  variation  in  the  reflecting  power,  especially  in  the 
region  of  i  to  1.5/1. 

Washington,  May  28,  1910. 


THE  ACTION  OF  SUNLIGHT  AND  AIR  UPON  SOME 

LUBRICATING  OILS 


By  C.  £.  Waten 


In  1885  Schaal*  patented  a  process  for  the  manufacture  of 
soaps  by  the  action  of  air  upon  mineral  oils  in  the  presence  of 
alkaline  substances.  This  was  based  on  an  older  observation  of 
Engler's. 

In  1 89 1  Zaloziecki^  studied  the  oxidation  of  petrolemn  by 
means  of  air.  By  blowing  cold  air  through  the  oil  the  oxidation 
was  slight,  but  was  greatly  increased  in  the  presence  of  sodium 
hydroxide.  *  The  acidity  shown  by  methyl  orange,  as  opposed  to 
phenolphthalein,  he  believed  to  be  due  to  the  oxidation  of  mer- 
captans  and  organic  sulphides,  and  not  to  the  presence  of  traces 
of  the  acid  used  in  refining. 

Schestopal '  foimd  that  illuminating  oils  absorbed  several  vol- 
iunes  of  oxygen  at  room  temperature  when  inclosed  in  sealed 
tubes  laid  horizontally.  He  pointed  out  the  bearing  this  had 
upon  the  treatment  of  kerosene  in  agitators. 

Holde  *  exposed  mineral  and  vegetable  oils  to  the  air  for  a  long 
time,  studying  changes  in  the  viscosity,  specific  gravity,  etc.  He 
fotmd  that  the  changes  were  much  less  for  mineral  than  for  vege- 
table oils. 

Haack'  believed  that  the  oxidation  observed  in  refining  oils 
was  due  to  the  combined  action  of  sulphuric  acid  and  air.     This 

*  D.  R.  p.  32705;  Chem.-Ztg.,  9,  p.  1520;  1885. 
^  Z.  angew.  Chem.,  1891,  pp.  416-19. 

*  Chem.-Ztg.,  16,  pp.  352-4;  1891. 

^Mitth.  kgl.  techn.  Versuchsanst.,  10,  pp.  85-90;  1892;  J.  Soc.  Chem.  Ind.,  11, 

p.  619;  1892. 

'  Chem.-Ztg.,  16,  p.  694;  1892. 
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idea  was  upheld  by  Kern.'  Other  papers  bearing  upon  the  ques- 
tion of  oxidation  by  atmospheric  oxygen  were  published.^ 

Zaloziecki  ■  studied  the  influence  of  light  and  air  upon  the  acid 
treatment  of  kerosene.  In  some  of  his  experiments  he  used  colored 
glass.  The  general  conclusion  reached  by  him  was  that  light  and 
air  should  be  excluded.  Ostrejko  •  confirmed  this  work  as  to  the 
eflfect  on  the  color  of  refined  petroleum,  and  also  determined  the 
increase  in  acidity  due  to  oxidation.  Wischin  *"  thought  that  the 
darkening  in  color  of  kerosene  was  perhaps  due  to  a  molecular 
rearrangement  of  dissolved  asphalt  under  the  influence  of  actinic 
rays. 

Hirsch "  passed  air  through  mineral  oils  in  the  presence  of 
soda  lye,  and  even  after  12  hours  at  70°  could  detect  no  change 
in  the  alkali,  concluding  from  this  that  there  was  no  oxidation. 
Aisinmann  "  fotmd  that  the  absorption  of  oxygen  was  very  slight. 
It  was  also  stated  by  Kiinkler  and  Schwedholm  *'  that  there  was 
no  increase  in  weight  when  mixtures  of  mineral  oil  with  bone  oil, 
olive  oil,  etc.,  were  rubbed  up  with  sand  or  ptmiice  and  exposed  to 
the  air.  The  resinification  noticed  was  believed  to  be  due  solely 
to  polymerization. 

There  can  be  no  doubt,  however,  that  oxidation  really  takes 
place.  Charitschkow,**  who  states  that  the  resinous  products 
formed  in  petrolemn  on  long  standing  tmder  the  combined  influ- 
ence of  light,  air,  and  moisture  are  nearly  identical  with  those  of 
Schaal,  obtained  sirup-like  acids  **  by  the  action  of  air  in  the 
presence  of  alkalies.  These  acids,  which  are  nearly  insoluble  in 
benzine  and  petroleum  ether,  he  calls  "polynaphthene,"  or 
"  asphaltogenic "  acids,  the  latter  name  being  self-explanatory. 

®  Chem.-Ztg.,  17,  p.  706;  1893. 

^  Zaloziecki:  Chem.-Ztg.,  16,  p.  591;  1892.    Holde:  Ibid.,  18,  704,  pp.  1737,  1935; 
1894.    Hirsch: /frtt/.,  18,  p.  1824. 
» Ibid.,  19,  875-7,  956^;  p.  1895. 
*  See  J.  Soc.  Chem.  Ind.,  15,  p.  345;  1896. 
>"  Chem.  Rev.  Fett-Harz-Ind.,  1896,  Nos.  26  and  27;  J.  Soc.  Chem.  Ind.,  14, p.  1039; 

2895- 
"  Chem.-Ztg.,  19,  p.  41;  1895. 

"  Dingl.  pel.  J.,  294,  p.  658;  1894;  J.  Soc.  Chem.  Ind.,  14,  p.  282;  1895. 

"  Seifensiederztg.,  86,  p.  341;  Chem.  Zentr.,  1908,  II;  1859. 

'^Z.  angew.  Chem.,  21,  p.  1155;  1908. 

^'Chem.-Ztg.,  88,  p.  1165;  1909. 
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Meyerheim,"  in  this  connection,  thinks  the  increase  in  asphalt 
content  with  lapse  of  time  is  due  to  polymerization  or  to  a  change 
from  the  original  colloidal  condition  to  the  insoluble  form.  His 
experiments  were  carried  out  in  closed  bottles  two-thirds  filled 
with  oil.  The  changes  in  asphalt  content  in  two  oils,  kept  in  the 
dark,  in  diffused  light,  and  under  the  influence  of  radium  emana- 
tions, were  determined.  After  8  months  no  difference  due  to 
the  action  of  radium  could  be  detected.  In  diffused  light  one 
oil  showed  a  higher  asphalt  content  than  a  control  kept  in  the 
dark;  the  other  oil  showed  the  same  content  of  asphalt  as  the 
control. 

Molinari  and  Fenaroli  "  obtained  unstable  ozonides  from  petro- 
leum hydrocarbons.  They  were  precipitated  from  their  solutions 
in  benzine,  ether,  or  chloroform  by  means  of  petroleum  ether. 
They  decomposed  at  20°  and  changed  at  35^-50®  into  a  soft,  red 
substance  which  was  converted  into  a  resinous  mass  at  105°. 

An  interesting  observation  bearing  on  the  work  described  in 
this  paper  was  made  by  Ackermann."  A  sample  of  naphtha 
from  Russian  Ttu-kestan  was  entirely  thic|(^ed  on  exposure  to 
the  Sim's  heat  for  a  whole  year  in«an  open  vessel.  Fresh  samples 
of  naphtha  yielded  76.68  per  cent  of  distillate  between  20®  and 
310®,  while  the  thickened  oil  yielded  only  15.67  per  cent  of  dis- 
tillate. 

In  a  paper  entitled  "Studies  on  the  Carbenes"  Mackenzie** 
shows  that  the  action  of  light  upon  solutions  of  asphalt  in  carbon 
tetrachloride  greatly  increases  the  percentage  of  "carbenes"  or 
insoluble  bitumens.  This  is  shown  to  be  due  to  the  formation 
of  hydrochloric  acid,  which  precipitates  the  carbenes. 

The  present  writer  was  at  the  time  determining  asphaltic  mate- 
rial in  certain  lubricating  oils,  and  the  above-mentioned  paper, 
though  on  a  somewhat  remotely  related  subject,  suggested  the 
experiments  herein  described. 

Three  samples  of  oil  were  used.  B  and  C  were  straight  mineral 
oils;  B  was  moderately  dark  in  color,  while  C  was  much  lighter 

*•  Ibid.,  84,  p.  454;  1910. 

"  Ber.  d.  chetn.  Ges.,  41,  p.  3704;  1908. 

"  Chem.-Ztg.,  84,  p.  440;  1910. 

*•  J.  Ind.  Eng.  Chem.,  2,  pp.  124-127;  1910. 
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colored  and  less  viscous.     D  resembled  B  in  color  and  viscosity, 
but  contained  approximately  0.5  per  cent  of  fatty  oil. 

Duplicate  samples  of  20  g  each  were  weighed  into  150  cc 
Erlenmeyer  flasks,  loosely  covered  with  caps  to  exclude  dust 
and  rain,  and  were  exposed  outside  a  window  facing  south  for 
23  days.  Within  2  or  3  days  the  samples  began  to  have  a 
slight  cloudiness,  and  after  a  week  or  10  days  the  insoluble  matter 
formed  a  cake  on  the  bottom.  After  23  days  the  contents  of 
each  flask  were  diluted  with  50  cc  of  ligroin  and  after  36  hours 
the  insoluble  matter  was  filtered  off  in  Gooch  crucibles,  washed 
with  ligroin,  dried  at  100°  and  weighed.  The  following  per- 
centages of  insoluble  matter  were  found: 


Sample 

B 

B 

C 

C 

D 

D 

bisoluble  (dct  cent) 

0.77 

1.03 

2.42 

2.86 

1.40 

1.91 

The  discrepancies  between  duplicate  samples  are  believed  to 
be  due  to  their  having  received  imequal  amounts  of  sunlight,  as 
it  was  necessary  to  place  the  flasks  in  a  crystallizing  dish  to 
prevent  their  blowing  away,  and  late  in  the  afternoon  those 
outside  were  in  the  sim  longer  than  the  others. 

Another  test  was  then  started  with  approximately  lo-g  sam- 
ples, the  flasks  being  weighed  at  intervals.  After  each  weighing 
the  flasks  which  showed  the  least  gain  were  placed  so  as  to 
receive  the  maximum  of  sunlight.  For  this  reason  the  last 
figures  given  in  the  next  table  are  more  concordant  than  they 
would  otherwise  have  been. 


Sample 

Wei^tofoU 

Total  gain  after— 

31  days  (g) 

46  days  (g) 

80  days  (g) 

110  days  (g) 

132  days  (g) 


B 

B 

C 

C 

D 

10.002 

10.012 

10.025 

10.023 

10.023 

0.176 

0.152 

0.187 

0.183 

0.154 

0.192 

0.174 

0.215 

0.207 

0.176 

0.233 

0.223 

0.274 

0.278 

0.221 

0.277 

0.263 

0.327 

0.340 

0.274 

0.290 

0.289 

0.358 

0.369 

0.297 

10.003 

0.139 
0.159 
0.201 
0.243 
0.268 
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That  the  increase  m  weight  is  somewhat  influenced  by  the 
temperature,  and  is  not  entirely  due  to  rays  of  short  wave  length, 
seems  clear  from  the  results  obtained  when  two  lots  of  oil  B  were 
exposed  in  very  shallow  dishes  made  by  cutting  oflf  the  bottoms 
of  two  beakers  of  the  same  diameter.  One  was  covered  with  a 
thick  watch  glass.  The  other  was  imcovered,  and  was  so  shal- 
low that  hardly  any  light  passed  through  glass  before  falling  on 
the  oil.     The  results  follow: 


Dlih 


Weight  of  oU 

Gain  after  6  hours  bright,  sun  (g) 

Further  gain  after  6  hours,  bright  sun 

Further  gain  after  6  hourSy  bright  sun 

Further  gain  after  6  hours,  partly  cloudy 

Further  gain  after  4  hours,  partly  cloudy 

Further  gain  after  6  hours,  dull  one-half  of  time. 
Further  gain  after  6  hours,  dull  one-third  of  time 
Further  gain  after  6  hours,  dull  one-half  of  time. 

Total  gain  (g) 


Unoofsrad 


0.0997 


COfSFOQ 


10.001 

10.001 

0.0354 

0.0354 

0.0183 

0.0196 

0.0154 

0.0179 

0.0085 

0.0094 

0.0050 

0.0061 

0.0059 

0.0068 

0.0063 

0.0071 

0.0049 

0.0065 

0.1090 


In  the  cool,  windy  weather  then  prevailing,  the  oil  in  the  cov- 
ered dish  must  have  been  warmer  than  that  in  the  uncovered 
one.  On  the  first  five  days  the  dishes  rested  on  white  paper. 
This  was  replaced  by  black  paper  on  the  last  threef  days,  but 
only  a  slight  change  in  the  results  was  noticed.  The  increasing 
opacity  of  the  oil  owing  to  the  formation  of  insoluble  matter 
and  the  increasing  saturation  with  oxygen  would  both  tend  to 
mask  any  effect  due  to  a  slight  rise  in  temperattue.  Traces  of 
precipitate  were  noticed  at  the  end  of  the  first  six  hours. 

The  above  results  show  only  that  the  temperature  exerts  some 
influence,  but  do  not  enable  one  to  decide  whether  or  not  the 
part  played  by  light  is  of  greater  or  less  importance.  We  then 
heated  10.014  g  of  the  oil  in  a  flask  with  ground-in  stojiper, 
connected  with  an  air-purifying  train  and  a  calcium  chloride  tube, 
followed  by  a  flask  containing  baryta  water.  The  flask  was  then 
placed  in  a  water  bath  made  of  a  porcelain  beaker  surrounded  by 
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a  sheet-iron  cylinder.  The  top  was  covered  with  a  perforated 
metal  plate.  The  projecting  neck  of  the  flask  was  wrapped  in 
cloth  to  exclude  light.  Under  these  conditions  the  oil  was  heated 
in  a  very  slow  current  of  dry  air  to  40°,  for  16  hours  in  all,  on 
three  consecutive  days.  So  little  barium  carbonate  was  precipi- 
tated that  the  heating  was  continued  for  six  and  a  half  hours 
on  each  of  two  consecutive  working  days,  to  50®,  60°,  70°,  80°, 
and  90°.  Even  then  it  was  not  thought  worth  while  to  deter- 
mine the  small  amount  of  carbon  dioxide  precipitated  as  bariiun 
carbonate.  The  calcium  chloride  tube  showed  a  gain  of  0.0156 
g,  while  the  flask,  instead  of  gaining  in  weight,  lost  0.0030  g. 

More  of  the  same  oil,  11.274  g,  was  exposed  outside  the 
window  for  18  hours,  the  temperattue  being  kept  down  by  sur- 
rounding the  flask  with  ice  and  water.  There  was  a  gain  in 
weight  of  0.0069  g»  though  for  at  least  five  hours  the  sky  was 
cloudy.  The  ice  was  then  replaced  by  water  kept  between  12° 
and  18°.  The  gain  in  23  hours  in  all  on  four  consecutive  days 
was  0.0282  g  more.     A  slight  precipitate  formed. 

These  results  make  it  evident  that  the  action  of  light  has  a  far 
greater  effect  than  raising  the  temperattue  to  90°. 

The  observed  increase  in  the  weight  does  not  truly  represent 
the  amoimt  of  oxygen  involved,  for  carbon  dioxide,  water  and 
volatile  organic  matter  are  lost.  Twenty-five  g  of  oil  B  were 
exposed  in  a  flask  having  a  glass  stopper  with  sealed-in  tubes 
so  that  a  slow  current  of  purified  air  could  be  passed  over  the 
surface  of  the  oil,  carrying  the  carbon  dioxide  into  baryta  water. 
In  seven  days,  only  three  of  which  were  sunny,  0.0249  g  of 
carbon  dioxide  was  found.  On  exposing  the  same  sample  for 
seven  days  longer, ,  about  fotu  and  a  half  of  which  were  sunny, 
there  was  a  further  formation  of  0.0223  g  of  carbon  dioxide. 

In  a  final  experiment,  the  oil  was  exposed  in  an  Erlenmeyer 
flask  with  glass  stopper  and  delivery  tubes.  The  water  formed 
was  carried,  by  a  slow  current  of  dry  air  passing  over  the  surface  of 
the  oil,  into  a  calcium  chloride  tube  and  finally  weighed.  It  was 
noticed  that  the  calcium  chloride  where  the  air  entered  was  stained 
yellow,  and  that  there  was  a  whitish  coating  on  the  inside  of  the 
tube  leading  in  through  the  window  from  the  flask.     Evidently 
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some  organic  matter  was  given  off.  The  carbon  dioxide  was 
absorbed  in  baryta  water  as  before,  was  finally  set  free  by  dilute 
hydrochloric  acid,  absorbed  in  a  potash  bulb,  and  weighed.  The 
change  in  weight  of  the  oil  was  also  determined,  as  well  as  the 
amount  of  the  insoluble  oxidation  product.  The  following  data 
were  obtained  after  22  days'  constant  exposure  on  the  window  sill: 

Percent 
Gain  in  weight  of  oil * i.  83 

Water  formed  (corr.  for  HqO  in  oil) o.  89 

Carbon  dioxide a  37 

Total 3. 09 

Oxidation  product i.  47 

The  figures  for  water  and  gain  in  weight  of  the  oil  are  slightly  in 
error  on  account  of  the  volatile  oily  matter  mentioned.  How- 
ever, the  total  of  3.09  per  cent  agrees  closely  with  the  figure  2.89 
per  cent,  obtained  by  adding  the  gain  in  weight  of  the  oil  to  the 
oxygen  in  the  carbon  dioxide  and  water  foimd. 

The  "insoluble"  oxidation  product  dissolves  to  only  a  slight 
extent  in  ligroin.  It  is  readily  filtered  on  a  Gooch  crucible,  and 
when  washed  with  ligroin  and  dried  is  a  light  brown  powder.  It 
dissolves  in  strong  alcohol  and  more  easily  in  dilute  alcoholic 
potash.  All  attempts  to  crystallize  it  and  to  obtain  a  crystalline 
potassium  salt  were  fruitless. 

The  amoimt  foimd  evidently  accounts  for  only  a  small  part  of 
the  1.83  per  cent  of  oxygen  taken  up  by  the  oil.  The  following 
analyses  show  that  a  large  part  of  it  remains  in  solution  in  the  oil, 
or  that  most  of  the  oil  is  too  slightly  oxidized  to  form  the  insoluble 
product. 


Original  oil 

Oxidation  product 
Oil  filtered  off. . . . 


19.30    19.61 
2.00      2.18 


To  determine  possible  changes  in  the  acidity  of  the  oils,  20-g 
samples  of  each  were  exposed,  in  duplicate,  for  23  days.  After 
diluting  with  benzene,  they  were  titrated  with  N/io  alkali,  using 
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phenolphthalein    as    indicator.     The    results    are    calculated    as 
percentages  of  oleic  acid. 


Sunpto 

B 

B 

C 

C 

D 

D 

Orii^infll  flddity ,       .    , 

0.08 
3.66 

0.08 
3.75 

0.03 
3.29 

0.03 
3.30 

0.07 
3.00 

0.07 

Acidity  after  exposure 

Attempts  to  obtain  concordant  figures  for  the  permanganate 
value  of  the  oils  were  fruitless,  as  the  permanganate  was  decom- 
posed catalytically,  no  true  end-point  being  obtained.  The  oils 
were  shaken  with  dilute  sulphuric  acid  and  heated  on  the  steam 
bath,  standardized  permanganate  being  added  from  time  to  time. 
Apparently  the  temperature  was  too  high,  for  it  has  been  shown 
quite  recently  by  Sarkar  and  Dutta  ^  that  at  or  above  8i°,  per- 
manganate is  decomposed  by  manganous  sulphate,  with  formation 
of  manganese  peroxide,  even  in  the  presence  of  considerable  sul- 
phuric acid.  A  large  amount  of  peroxide  was  formed  in  the  at- 
tempted oil  titrations. 

Washington,  September  29,  1910. 

^  Z.  anorg.  Chem.,  67,  225;  1910. 


THE  VISIBIUTY   OF  RADIATION.    A   RECALCULATION 

OF  KONIG'S  DATA 


By  P.  G.  Nutting 


Radiation  of  wave  length  .61 /i  (orange  red)  must  be  twice  as 
intense  as  radiation  of  wave  length  .54/i  in  the  green  to  produce 
the  same  luminous  impression.  Similarly  radiation  in  the  red  at 
.65/i  or  in  the  blue  at  .47/i  must  be  ten  times  as  intense  to  produce 
the  same  illumination  as  in  the  green.  By  determining  the  inten- 
sities of  radiation  necessary  to  produce  equal  luminotis  sensa- 
tions for  a  ntunber  of  wave  lengths,  a  complete  curve  may  be 
obtained  having  a  smgle  maximum  in  the  green  and  sloping  off 
toward  the  extreme  red  and  violet.  This  curve  gives  the  visi- 
bility of  radiation  of  the  various  wave  lengths. 

Konig  investigated  the  visibility  of  radiation  for  his  own  eye, 
a  normal  trichomat,  for  nine  different  luminous  intensities  rang- 
ing from  the  threshold  of  vision  up  to  about  600  meter-candles 
per  sq.  mm  of  pupil  opening.  Using  a  triplex  gas  flame  as  a 
sotu'ce  and  a  modified  prism  spectrophotometer,  he  started  with 
a  given  intensity  in  the  green  at  .535  and  worked  both  ways  in 
the  spectnun,  observing  how  much  the  collimater  slit  had  to  be 
opened  in  order  to  produce  the  same  Ituninous  sensation  as  in  the 
green.     His  observed  relative  sUt  widths  are  given  in  Table  I. 

Konig  obtained  the  spectral  energy  curve  of  his  gas  flame 
source  from  Langley  and  multiplying  the  above  equivalent  slit 
widths  by  the  relative  (to  535)  spectral  energy,  took  the  recip- 
rocal as  "  Helligkeitswerthe  der  Energie."  These  values  were 
recalculated  and  reduced  to  maximmn  ordinate  unity  to  illus- 
trate visibility  in  the  author's  paper  on  the  Luminous  Equiva- 
lent of  Radiation. 
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TABLE  I 
Konig's  Data  on  Visibility^— Relative  Slit  Widths 


iVol.  7,  No,  a 


Int.  (m.  c/mms  pn- 

RAtk)  to  Preceding 
Step 

T 

.00024 

A 

.00225 
9.38 

B 

.0360 

16 

C 

.575 
16 

D 

2.30 

4 

B 
9.22 

4 

F 
36.9 

4 

O 

147.6 
4 

H 
590.4 

4 

Wave  Length 

Equivalent  Slit  Widths 

670 
650 
625 
605 
590 

575 
655 
535 
520 
505 

490 
470 

296.1 

178.3 

34.8 

12.1 

5.65 

2.76 
1.40 
1.00 
1.07 
1.54 

2.34 
5.92 
19.21 
131.6 

189.0 
87.6 
20.55 
8.60 
4.29 

2.00 

1.232 

1.00 

1.09 

1.58 

3.00 
6.49 
21.5 
115.4 

29.08 

13.9- 

6.20 

4.29 

2.75 

1.68 
1.10 
IM 
1.12 
1.59 

3.06 
7.22 

20.95 

85.9 

14.53 
5.98 
2.93 
2.073 
1.86 

1.42 

1.037 

1.00 

1.16 

1.81 

3.33 
7.75 
24.2 
119.2 

4.56 

1.95 

1.004 

0.869 

0.787 

0.868 

0.876 

1.00 

1.40 

2.30 

4.93 
11.0 
40.7 
138. 

1.955 
0.991 
0.497 
0.451 
0.523 

0.568 

0.702 

1.00 

1.71 

2.78 

7.97 
20.7 
57.3 
151. 

1.403 
0.667 
0.392 
0.321 
0.376 

0.449 

0.621 

1.00 

1.76 

3.75 

8.91 
22.9 
62.9 

1.23 

0.547 

0J07 

0.289 

0.346 

0.459 

0.603 

1.00 

1.77 

4.06 

9.53 
26.6 

1.17 

0.420 

0.289 

0.274 

0.330 

0.424 

0.590 

1.00 

1.80 

4.46 

10.06 

450 

430 

1  A  K5ni£,  Helmhokz  PestgHiss.  Beit.  Z,  Psych,  u.  Phirsiol.  d.  SinnesoTKane.  Hamburg  and  Leipzig, 
189X.  pp.  309-388:  Verb.  d.  Physik.  Ges..  Berlin.  11,  pp.  10-13.  zSga:  Gessammelte  Abhandlungen,  Leipzig, 
903.  pp.  a44-ai3> 

Konig's  slit  width  data  are  free  from  objection,  but  some  of 
his  own  and  the  author's '  deductions  from  them  are  wrong. 
Visibility  is  the  ratio  of  luminous  intensity  to  energy  intensity 
at  each  wave  length,  V  =  L/E.  So  that  to  obtain  the  visibility 
from  constant  luminosity  data  like  Konig's,  the  relative  amounts 
of  energy  entering  the  slit  must  be  known  in  each  case.  This 
energy  is  the  product  of  three  factors — slit  width,  spectral  energy 
of  the  source,  and  relative  dispersion.  Konig's  original  paper 
(Beit.  Sinn.  Org.)  leaves  one  with  the  impression  that  the  pris- 
matic correction  was  applied,  although  his  prismatic  dispersion 
was  not  given.  Dr.  Ives  kindly  called  the  author's  attention  to 
the  fact  that  this  correction  had  not  been  made  and  that  Konig's 
dispersion  curve  had  later  been  published   (Ges.   Abh.   Barth, 

^  The  Luminous  Equivalent  of  Radiation,  this  Bulletin,  5,  pp.  261,  308;  1908. 
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1903).  Since  these  visibility  ctirves  are  of  wide  iiseftdness  in 
spectrophotometry  and  problems  in  illumination,  they  have  all 
to  be  recalculated  to  include  the  correction  for  variable  pris- 
matic dispersion. 

In  the  following  table  are  given  for  each  wave  length  first  the 
relative  spectral  energy,  the  dispersion  correction,  and  the  prod- 
uct of  these: 

TABLE  II 


WavoLeagtli 

8p6ctnl  Bn6ny 

(Relative) 

(Relative) 

• 

BoenTjMvided  bjr 
IMspefBion 

670 

13.0 

0.649 

20.1 

650 

8.88 

0.718 

12.38 

625 

5.38 

0.817 

6.60 

605 

3.99 

0.909 

4.40 

590 

2.97 

0.980 

3.03 

575 

2.27 

1.067 

2.13 

^  555 

1.48 

1.222 ' 

1.210 

535 

1.00 

1.402 

0.712 

520 

0.720 

1.554 

0.465 

505 

0.488 

1.730 

0.282 

490 

0.370 

1.919 

0.193 

470 

0.251 

2.185 

0.115 

450 

0.169 

2.462 

0.069 

430 

0.114 

2.775 

0.041 

In  obtaiming  the  visibility  data  of  the  final  table  below,  the  slit 
widths  of  the  first  table  were  multiplied  by  the  numbers  in  the 
last  column  above.  The  reciprocals  of  these  products  give  curves 
which,  when  reduced  to  maximum  ordinate  unity,  are  visibilities. 

The  most  marked  effect  on  the  visibility  curves  of  the  correction 
for  variable  dispersion  is  the  shift  in  the  positions  of  the  maxima 
from  .565  to  .544/A  at  high  intensities  and  from  .511  to  .503/*  at 
the  threshold  limen  (Step  T).  They  are  but  little  affected  in 
width  or  in  general  form. 
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Visibility  Reduced  Data 


T 

A 

B 

C 

D 

B 

P 

a 

H 

430 

.081 

.33 

.63 

.093 

.30 

.59 

.127 
.29 

.54 

.128 

.31 

.58 

.114 

.23 

.51 

.114 
.175 
.29 

450 

.16 
.26 

470 

.23 

490 

.96 

(.89) 

(.76) 

(.89) 

(.83) 

.50 

.45 

.38 

.35 

505 

1.00 

1.00 

1.00 

1.00 

.99 

(.76) 

.66 

.61 

.54 

520 

.88 

.86 

.86 

.94 

.99 

(.85) 

.85 

.85 

.82 

505 

.61 

.62 

.63 

.72 

.91 

(M) 

.98 

.99 

.98 

555 

.26 

.30 

.34 

.41 

.62 

.84 

.93 

.97 

.98 

575 

.074 

.102 

.122 

.168 

(.39) 

(.63) 

(.76) 

(.82) 

(M) 

590 

.025 

.034 

.054 

.091 

.27 

.49 

.61 

.68 

.69 

aos 

.008 

.012 

.024 

.056 

.173 

.35 

(.45) 

.54 

.55 

625 

.004 

.004 

.011 

.027 

.098 

.20 

.27 

.35 

.35 

650 

.000 

.000 

.003 

.007 

.025 

.060 

.085 

.122 

.133 

670 

.000 

.000 

.001 

.002 

.007 

.017 

.025 

.030 

.030 

Xmaz 

.503 

.504 

.504 

.508 

.513 

.530 

.541 

.543 

.544 

Washington,  October  i,  19 lo. 


A  PHOTOMETRIC  ATTACHMENT  FOR  SPECTROSCOPES 


By  P.  a  Nutting 


The  instrument  here  described  was  designed  for  spectrophoto- 
metric  work  and  with  three  ends  in  view:  (i)  High  sensibility, 
(2)  economy  of  light,  and  (3)  variable  dispersion.  Tests  of  a 
sample  instrument  constructed  by  Fuess  show  that  the  sensi- 
bility has  been  pushed  to  the  limit  of  sensibility  (1.5  per  cent)  of 
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Fig.  1 

the  eye,  while  the  light  economy  is  quite  satisfactory  and  the 

dispersion  that  of  any  spectroscope  to  which  it  is  attached.    No 

trace  of  stray  light  can  be  detected  in  the  new  instrument  and  the 

single  fate  on  which  dirt  could  cause  stray  light  is  entirely  inclosed. 

There  is  a  slight  correction  to  the  scale  reading,  but  this  is  less 

than  2  per  cent  at  its  maximtun. 
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The  attachment  consists  of  two  reflectmg  prisms,  Pj  and  P,, 
two  Glan-Thompson  nicols  N^  and  N,  and  a  lens  arranged  as 
shown  in  the  figure.  The  whole  is  attached  to  the  slit  of  any 
spectroscope,  for  example  one  of  the  Hilger  "wave  length"  t3rpe. 
The  essential  feature  is  that  a  real  image  of  the  photometric  sur- 
face (the  common  surface  of  the  two  reflecting  prisms)  is  thrown 
on  the  slit  by  an  achromatic  lens  and  may  thus  be  brought  into 
the  plane  of  the  slit.  The  two  beams  of  light  to  be  compared, 
one  passing  through  and  the  other  reflected  from  the  photometric 
surface,  are  brought  to  equality  by  rotating  the  nicol  Ni.  The 
photometric  smiace  is  alternately  silvered  and  clear,  the  silver 
strips  being  0.25  mm  wide  and  separated  by  clear  strips  equal  in 
width  to  the  silvered  strips. 

The  combination  of  reflectmg  prisms  was  suggested  by  and  is 
similar  to  that  used  by  Dr.  H.  E.  Ives  *  in  his  new  spectropho- 
tometer, but  in  his  instrument  the  photometric  surface  is  silvered 
halfway  across  instead  of  in  fine  strips. 

Both  beams  are  polarized  by  reflection  and  the  instrument  was 
carefully  tested  for  departures  from  the  cosine  square  law  of 
intensities.  First  the  reflecting  system  was  removed  and  the 
elliptical  polarization  (change  of  phase  and  rotation)  produced 
by  reflection  on  each  of  the  reflecting  stniaces  determined  for  45® 
incidence  and  45*^  azimuth.  The  second  test  was  by  means  of  an 
auxiliary  nicol  placed  before  the  free  opening  so  that  both  beams 
were  polarized  before  reflection.  The  third  test  was  with  rotating 
sectored  disks  of  fixed  known  openings  moimted  before  the  free 
opening  of  the  instnunent.  In  this  last  test  the  sources  were 
seasoned  glow  lamps  operated  in  series  with  a  rheostat  on  a  storage 
battery  circuit.  The  distances  of  these  lamps  were  adjusted  to 
equality  of  illumination  with  the  180°  disk  moving  and  the  nicol 
at  0°.  Then  other  sectors  were  substituted  for  the  180®  sector 
and  the  readings  of  the  nicol  compared  with  their  theoretical 
values  deduced  from  the  sector  openings.  The  corrections  were 
nowhere  in  excess  of  2  per  cent  and  of  such  sign  as  to  indicate 
that  they  were  in  large  part  due  to  accidental  errors. 

The  sensibility  of  the  instrument  was  tested  by  rotating  a 
parallel  glass  plate  of  known  index  in  the  path  of  one  beam  and 

*Phys.  Rev.,  80,  p.  450;  1910. 
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by  repeating  readings.     Sensibilities  varying  from  0.015  to  0.018 
were  recorded. 

The  excellent  showing  made  by  the  instrument  is  due  in  some 
measure  to  the  excellent  workmanship  displayed  in  the  con- 
struction of  its  optical  parts.  But  two  minor  improvements 
suggest  themselves ;  that  the  position  of  the  lens  be  made  adjust- 
able from  without  and  that  the  balancing  nicol  Nj  be  provided 
with  a  larger  (10  cm)  divided  circle  to  permit  of  more  precise 
readings. 

Washington,  October  i,  1910. 


SELECTIVE  RADIATION  FROM  VARIOUS  SUBSTANCES.  HI 


By  W.  W.  Cobfcnlz 


CONTENTS 

I.  Introduction 243 

II.  Apparatus  and  Methods 244 

1.  The  Spectrometer 344 

2.  Comparison  of  Dispersion  of  Prisms 346 

3.  The  Radiometers 347 

4.  The  Rotating  Sectored  Disk 349 

5.  Accuracy  Attainable 25a 

III.  Tea  AcQTYLBNB  Flame 253 

1.  Historical 253 

2.  The  Visible  Spectrum 357 

3.  The  Emissivity  a  Function  of  the  Thickness  of  the  Radiating  Layer .  261 

4.  Comparison  of  Acetylene  Flame  and  a  Solid  Radiator 264 

5.  Absorptivity  of  an  Acetylene  Flame 266 

6.  Summary 273 

IV.  The  Selective  Emission  of  the  Welsbach  Mantle 274 

1.  Historical 274 

2.  The  Visible  Spectrum 277 

3.  Comparison  of  a  Gas  Mantle  with  a  Solid  Glower 378 

V.  Miscellaneous  Substances 287 

1.  Emission  of  Arc  of  Nemst  Glower  Materials 287 

2.  Color  Match  Versus  Spectral  Intensity  Match 388 

I.  INTRODUCTION 

The  present  investigation  is  the  beginning  of  an  attempt  to 
supply  a  long-felt  need  of  an  accurate  knowledge  of  the  spectral 
energy  distribution,  of  some  standard  sources  of  light,  iij  the 
visible  and  in  the  ultra-violet  parts  of  the  spectrum.  The  problem 
is  a  difficult  one  and  heretofore  has  never  been  given  thorough 
attention.  Once  the  spectral  energy  distribution  of  a  standard 
source  of  illumination  is  accurately  known,  it  is  possible  to  obtain 
the  spectral  energy  distribution  of  other  weaker  sources  of  radia- 
tion by  indirect  methods,  such  as  by  spectrophotography  or 
Spectrophotometry.  The  standard  sources  which  are  the  most 
easily  reproduced  are  probably  well  seasoned  incandescent  lamps 
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operated  at  a  given  efficiency.  For  ultra-violet  radiation,  how- 
ever, they  are  quite  impracticable  on  accoimt  of  the  absorption 
by  the  glass  bulb  which  will  not  be  sufficiently  constant  for  diflFer- 
ent  lamps.  For  ultra-violet  work,  flame  standards  seem  the  best 
adapted;  and  of  these  the  acetylene  flame  seems  the  most  useful 
on  accoimt  of  its  high  temperature.  The  effect  of  variations  in 
atmospheric  conditions  will  probably  have  but  little  influence  on 
the  spectral  energy  curve.  The  black  body,  while  ideally  more 
scientific,  is  hardly  to  be  classed  as  a  convenient  standard.  The 
carbon  filament  is  a  good  substitute  for  the  black  body,  since  it 
shows  but  little  selective  radiation  in  the  visible  spectrum.  In 
certain  classes  of  work  the  ideal  standard  is  the  vacuum  tube 
radiation.  Here  the  radiation  from  the  individual  spectral  lines 
is  measured,  and  we  are  not  concerned  with  spectral  ptuity  and 
other  sources  of  error.  The  chief  error  lies  in  accurately  meas- 
uring the  energy,  which  is  always  very  weak,  especially  in  the 
violet. 

In  making  preUminary  experiments  on  the  suitabiUty  of  various 
sources  of  radiation  as  spectral  energy  standards  several  new 
phenomena  were  observed  which  required  extensive  investigation 
and  which  diverted  the  attention  from  the  main  problem.  The 
results  obtained  are  imique  in  themselves  and  are  therefore  pub- 
Ushed  at  this  time,  since  the  rest  of  the  work  has  been  postponed. 

It  will  be  shown  on  a  subsequent  page  that,  throughout  the 
visible  spectrum,  the  radiation  from  the  acetylene  flame  is  pro- 
portional, within  the  Umits  of  experimental  errors,  to  the  thickness 
of  the  flame,  so  that  the  values  of  the  spectral  energy,  given  here- 
with, apply  to  a  flame  viewed  flatwise  or  edgewise.  This  is  not 
true  of  the  infra-red  spectral  energy  curves.  Here  the  emissivity 
is  no  longer  a  simple  fimction  of  the  thickness  of  the  radiating 
layer,  and  hence  can  not  be  considered  a  reference  standard  without 
specifying  the  manner  in  which  the  flame  is  used. 

n.  APPARATUS  AND  METHODS 

1.  THE  SPECTROMETER 

For  investigating  the  infra-red  spectrum  a  vacuum  bolometer,  a 
mirror  spectrometer,  and  a  fluorite  prism  were  used.  The  essen- 
tial features  of  this  apparatus  have  been  described  in  previous 
commimications. 


CoUenu]  Selective  Radiation  from  Solids ^  III  245 

For  investigating  the  ultra-violet  and  the  visible  spectrum,  all 
of  the  apparatus  was  of  special  construction.  The  spectrometer 
was  of  special  design,  and  made  in  the  instrument  shop  of  the 
Bureau.  Not  only  were  short  focus  lenses  of  large  aperture  pro- 
vided, but  the  collimator  tubes  were  also  designed  so  as  to  utilize 
all  the  light  arriving  at  the  viewing  end  and  to  avoid  reflected 
light. 

The  optical  parts  consisted  simply  of  two  plano-convex  quartz 
lenses  6  cm  in  diameter  and  1 8  cm  focal  length,  and  a  large  60**  quartz 
prism.  For  the  visible  spectrum  triple  achromatic  glass  lenses 
have  been  provided.  Quartz  is  transparent  to  about  .25^,  hence 
the  only  loss  is  due  to  reflection.  A  light  flint-glass  prism  was 
also  employed  as  a  check  on  the  work.  The  dispersion  was  twice 
as  great  as  in  the  quartz  prism,  which  reduced  the  intensity  of 
illumination.  Hence  the  observations  are  of  little  value  in  the 
ultra-violet,  where  (at  .42^)  the  absorption  begins  to  be  quite 
large. 

The  fewness  of  the  reflecting  smiaces  reduced  the  energy  losses  by 
reflection.  It  will  be  noticed  presently  that  the  "  scattered  "  light 
in  the  system  is  very  uniformly  distributed  over  the  field.  Hence 
while  not  negligible  in  the  case  of  an  intense  source  of  radiation  such 
as  the  Nemst  glower,  this  diffuse  light  simply  increases  the  observed 
radiation  by  a  fixed  amount  throughout  the  entire  spectrum.  Of 
course,  for  a  small  angular  distance  from  the  normal,  as  obtains  in 
the  present  experiments,  the  scattered  radiation  should  be  uni- 
formly distributed,  but  heretofore  no  very  definite  experiments 
have  been  published  to  give  the  desired  information. 

From  the  observations  of  Rosenmuller  *  it  appears  that  the  actual 
loss  of  light  in  such  an  instrument  is  insignificant  out  into  the 
extreme  violet.  For  radiometric  work  this  correction  would  have 
but  little  significance  and  in  the  present  work  no  correction  has 
been  applied. 

The  collimator  tube  was  provided  with  an  accurately  divided 
scale,  which  permitted  setting  the  radiation  meter  in  accurate 
focus  at  different  parts  of  the  spectrum.  This  scale  was  cali- 
brated for  proper  focal  lengths  by  means  of  the  helium  lines, 
which  also  served  as  a  calibration  of  the  prism.     The  change  in 

^  Rosenmuller,  Ann.  der  Phys.,  29,  p.  555;  1909. 
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focal  length  from  .35/*  to  .75/*  was  about  15  mm,  and  at  each  spec- 
trometer setting  the  instrument  was  set  to  accurate  focus  as  deter- 
mined from  a  calibration  curve  of  the  scale  on  the  collimator  tube. 
For  the  region  from  the  yellow  to  the  ultra-violet,  however,  where 
the  dispersion  is  large,  the  matter  'of  accmate  focus  was  tmimpor- 
tant,  as  was  found  by  actual  observation. 

The  spectral  lines  are  of  course  slightly  curved  in  such  an 
instrument.  The  slit  which  covered  the  thermopile  was  there- 
fore made  of  thin  sheet  copper  cut  so  as  to  exactly  fit  the  curva- 
ture of  the  spectral  lines. 
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Fig.  1 
2.  COMPARISON  OF  DISPERSION  OF  PRISMS 

It  is  of  interest  to  notice  the  dispersion  of  various  prisms  in 
different  parts  of  the  spectrum.  In  fig.  i  is  shown  the  width 
that  a  bolometer,  having  an  angular  aperture  of  4'  arc,  subtends 
in  wave  lengths  (the  "slit  width")  in  different  parts  of  the  spec- 
trum when  using  different  prisms  having  the  same  angle — 60®. 
These  ctuves  show  that  a  carbon  disulfid  prism  is  the  best  for 
the  region  to  i  .4/1.     For  most  purposes  quartz  is  the  best. 
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In  the  present  work  the  spectrometer  slits  were  0.6  mm  wide, 
or  about  10  minutes  in  arc.  Even  with  this  wide  slit  the  actual 
width,  subtended  in  wave  lengths,  is  far  less  than  for  similar 
work  in  the  infra-red,  where  even  greater  exactness  is  desired 
than  in  the  present  investigation.  The  slit-width  correction,  i.  e., 
the  factors  for  reducing  the  prismatic  spectrum  into  the  normal 
spectrum,  were  obtained  from  the  ciuve  of  refracting  indices  and 
minimtun  deviation  settings,  and  also  by  direct  calibration  of  the 
prism  by  means  of  the  helitun  lines.  The  values  derived  by 
these  two  methods  agreed  exactly  throughout  the  whole  range, 
except  beyond  .69^,  where  they  began  to  diverge.  From  .69  to 
.75^  the  factors  determined  from  the  experimental  calibration 
curve  were  therefore  used.  This  divergence  at  .75^  is  due  in 
part  to  the  fact  that  the  dispersion  ctuve  of  quartz  has  a  point 
of  inflection  in  this  region  of  the  spectnun,  which  makes  it  diffi- 
cult to  determine  the  slit-width  factors  with  great  exactness. 

3.  THE  RADIOMETERS 

A  special  Rubens  thermopile '  of  20  elements  of  iron  and  con- 
stantan  and  a  new  radiomicrometer  were  provided  for  this  work. 
The  thermopile  wires  were  only  .07  mmi  in  diameter  and  the 
total  resistance  was  9.5  ohms.  Wires  of  this  fineness  rust  ofif 
very  rapidly  unless  protected.  They  are  therefore  given  a  thin 
coat  of  shellac,  which  is  baked.  Because  of  this  defect  it  seems 
advisable  to  use  copper  instead  of  iron  in  this  form  of  pile.  The 
thermoelectric  power  of  copper-constantan  is  not  very  markedly 
diflferent  from  the  iron-constantan.  The  junctions  are  then 
painted  with  a  mixture  of  lampblack  and  chemically  precipi- 
tated platintun  black,  the  brush  used  being  an  end  of  a  silk  thread. 
This  thermopile  was  entirely  free  from  the  usual  drift  observed 
in  the  heavier  tjrpe  of  instnunent,  and  it  came  to  temperature 
equilibrium  in  far  less  time  than  the  actual  period  of  the  gal- 
vanometer. The  latter  has  also  been  described.  On  account  of 
the  great  light-gathering  power  of  the  spectrometer,  a  high  gal- 
vanometer sensitiveness  was  not  required,  and  it  was  generally 
used  on  2.5  seconds  single  swing,  which  corresponded  to  about 
i  =  2  X  lo"*®  amp.  for  a  scale  at  i  meter. 

^This  Bulletin,  4,  p.  391;  1907. 
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Magnetic  and  thermal  disturbances  were  inappreciable.  In 
fact,  with  this  apparatus  far  less  difficulties  were  experienced  than 
in  the  general  infra-red  investigations,  which  is  just  the  opposite 
from  what  was  expected  before  imdertaking  the  work.  To  be 
able  to  make  a  reading  in  5  seconds  instead  of  5  to  10  minutes, 
as  was  necessary  heretofore,  is  an  important  item,  especially  when 
examining  an  open  flame  subject  to  various  fluctuations  in  the 
surrounding  conditions. 

The  thermopile  was  mounted  in  a  heavy  metal  case,  which  was 
rigidly  attached  to  the  collimator  arm.  It  was  found  that  the 
eyepiece  at  the  rear  did  not  permit  setting  the  thermopile  slit 
upon  a  spectral  line  with  as  high  degree  of  accuracy  as  was  desired. 
Hence,  after  the  completion  of  the  focal  length  and  the  prism 
calibration  the  eyepiece  was  removed.  This  space  was  inclosed 
with  black  felt,  which  absorbed  the  radiation  passing  by  the 
thermojunctions,  and  the  adjustment  of  the  thermopile  sUt  (the 
so-called  zero  setting)  was  made  by  viewing  it  at  an  angle  from 
the  front.  Using  the  intense  yellow  helium  line  as  a  reference 
point,  there  was  no  difficulty  in  testing  this  adjustment  of  the 
thermopile  sUt  in  the  spectrum. 

A  new  form  of  suspension  was  made  for  the  radiomicrometer,» 
previously  described,  but  on  account  of  its  inconvenience  and 
because  of  the  high  sensitivity  of  the  thermopile  it  was  not  put  to 
extensive  use.  It  has  given  such  satisfaction  in  other  work,  how- 
ever, that  it  seems  worth  while  to  describe  it.  The  suspension, 
Fig.  2,  consists  of  two  junctions  of  bismuth  and  silver,  with  a 
copper  loop,  and  it  was  made  linear  for  spectral  radiation  work. 
It  was  foimd  that  by  dropping  the  molten  bismuth  from  a  height 
of  about  I  m  it  would  spatter  out  into  a  thin,  well-annealed  plate, 
which  could  then  be  rolled  to  .02  to  .04  mm  thickness.  The 
dimensions  of  the  present  junction  were:  Bi  =  8  x  i  x  .03  mm; 
Ag  =  3  X  I  X  .01  mm,  and  copper  wire  .08  mm  in  diameter.  The 
central  active  junctions  were  painted  on  one  side  with  a  mixture 
of  platinum  black  and  lampblack,  with  a  trace  of  shellac  in 
alcohol.     The  window  covering  the  junctions  consisted  of  a  film 

^This  Bulletin,  2,  p.  479;  1907. 
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of  glass  blown  so  thin  that  it  showed  interference  colors.     Such  a 
film  absorbs  but  little  in  the  spectrum,  except  at  8  to  9^.* 

For  a  candle  at  3.1  meter  and  scale  at  i  m,  with  all  extraneous 
light  excluded  except  that  which  passed  through  a  long  blackened 
tube,  the  deflection  was  22  cm  (for  a  single  swing  of  25  sec.)  or 
more  than  200  cm  at  i  meter.  For  a  single  swing  of  10  sec.  the 
deflection  was  at  least  50  cm.  It  is  therefore  apparent  that  this 
form  of  jimction  is  as  sensitive  as  any  heretofore 
described.  The  weight  of  the  complete  suspension 
was  a  little  less  than  10  milligrams.  The  sensitive- 
ness of  this  suspension  was  not  very  much  greater 
than  that  of  a  similar  suspension  having  but  a  single 
thermojunction,  which  is  in  accordance  with  the 
theory. 

From  the  fact  that  the  galvanometer  did  not  have 
to  be  forced  to  its  highest  sensitivity  it  is  not  to  be 
inferred  that  spectral  energy  curves  in  the  visible 
spectrum  can  be  easily  observed  with  ordinary  appa- 
ratus. The  intensity  in  the  yellow  is  about  400 
times  and  in  the  red  (.725/Lt)  it  is  about  3000  times 
that  at  .38/A.  On  the  large  mirror  spectrometer, 
using  the  small  fluorite  prism  previously  described, 
the  Nemst  glower  gave  a  deflection  of  about  2000  cm 
at  the  point  of  maximiun  emission.  With  6  times 
the  light-gathering  power,  which  obtains  in  this  in- 
stnunent,  the  deflections  "would  have  been  1 2  000  cm 
at  the  point  of  maximum  emission.  With  the  pres- 
ent instrument,  using  a  quartz  prism,  the  intensity 
of  .maximum  emission  (at  1.35^)  of  the  Nemst  glower  would  be 
about  90  000  times  that  at  .38/*. 


Cu 


Hg.  2 


4.  THE  ROTATING  SECTORED  DISK 


*  With  galvanometer  deflections  ranging  from  70  cm  in  the  yellow 
to  400  cm  in  the  red  it  was  necessary  to  provide  apparatus  to 
reduce  the  intensities  to  a  measurable  value.  This  could  be  done 
either  by  throwing  resistance  in  series  with  the  galvanometer,  or 


*See  Investigations  of  Infra-red  Spectra,  Vol.  II,  p.  65;  1906. 
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by  reducing  the  incident  light  with  a  convenient  form  of  rotating 
sectored  disk.  The  present  sectored  disk  consists  of  eleven  series 
of  openings  at  90^  from  each  other,  each  opening  being  16  mm 
long,  the  respective  angles  being  2°,  3°,  4°,  6®,  8®,  10°,  12®,  15*^, 
20®,  30°,  and  45®.  This  gives  reduction  factors  ranging  from  }/i 
to  745  ^c  original  intensity,  which  seemed  sufficient  as  a  first 
experiment.  This  disk,  although  41  cm  in  diameter,  and  made  of 
copper  about  i  mm  in  thickness,  with  alumintun  bracing  arms 
10  cm  long  and  about  5  mm  thick,  has  proven  to  be  thoroughly 
rigid  and  free  from  lateral  vibration  when  in  rapid  motion.  The 
thickness  of  the  whole  framework  was  kept  small,  i  cm,  to  reduce 
the  air  path  in  infra-red  radiation  work.  The  essential  parts  of 
this  form  of  disk  are  (i)  a  large  disk  with  numerous  openings 
(nothing  particularly  new  about  it)  which  reduce  the  intensity  by 
an  accurate  amount  at  each  step;  (2)  a  motor  rigidly  attached  to 
the  frame  supporting  the  disk,  and  moving  with  it;  (3)  a  slotted 
base  plate,  supporting  this  framework,  and  provided  with  a  rack 
and  pinion  to  move  this  frame,  containing  the  disk  and  motor, 
back  and  forth  in  front  of  the  spectrometer  slit.  A  long  rod  is 
provided  to  operate  the  pinion  from  a  distance.  The  whole  is 
shown,  without  details,  in  Fig.  3  and  needs  no  explanation.  From 
a  mechanical  point  of  view  it  might  be  better  to  have  the  large 
angular  openings  nearer  the  rim,  thus  reducing  the  weight,  and  to 
increase  the  accuracy  in  the  small  angular  openings  at  the  center 
by  using,  for  example,  two  4®  openings  situated  at  180*^  instead 
of  four  2®  openings  situated  at  90®  from  each  other.  This  would 
permit  larger  angular  openings,  although  for  radiometric  work  a 
reduction  factor  of  less  than  >^  is  of  little  use.  Openings  both 
larger  and  smaller  are  possible,  but  previous  experience  showed 
that  the  aforesaid  factors  would  be  the  most  useful  as  a  prelimi- 
nary attempt.  Provision  has,  of  course,  been  made  for  substi- 
tuting another  disk  with  different  openings.  This  experiment 
shows  that  still  larger  disks  can  be  operated  without  vibratiod. 
Of  cotirse,  where  only  spectroradiometric  work  is  contemplated 
with  a  slit  of  less  than  i  mm  wide,  more  steps  can  be  put  in  the 
smaller  disk.  The  present  instrument  is  also  useful  for  total  radi- 
ation work.  The  definite  openings  make  errors  impossible  in 
setting  them  before  the  slit,  and  they  fill  all  the  requirements  in 
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radiometric  work  where  it  is  necessary  to  reduce  the  radiation  by 
a  definite  amount.  A  uniformly  decreasing  angular  opening 
(instead  of  step-wise  as  in  this  case)  is  easier  to  construct  and 
would  be  useful,  also,  in  spectrophotometric  work,  such  as  the 
instrument  recently  described  by  Hyde.*  But  such  extreme  care 
is  necessary  in  adjusting  and  in  making  settings  before  the  spec- 
trometer slit  with  the  latter  form,  that  at  the  time  when  the 
design  of  a  rotating  sector  was  tmdertaken  no  thought  was  given  to 
the  development  of  such  an  instrument.  These  two  types  of 
rotating  sectors  are  excellent  examples  of  what  may  be  independ- 
ently developed  by  two  investigators  to  fulfill  their  individual 
needs. 

5.  ACCURACY  ATTAINABLE 

The  fact  that  the  galvanometer  could  be  used  on  a  very  short 
period  made  it  an  easy  matter  to  investigate  the  visible  spectrum. 
A  casual  examination  of  the  records  shows  that  in  the  yellow  and 
in  the  red  where  the  deflections  (actual  or  reduced)  were  from  lo  to 
20  cm,  the  mdividual  readings  vary  by  .3  to  .5  mm  from  the  mean, 
or  one  part  in  200  to  400.  The  intensity  of  the  radiation,  falling 
on  the  front  part  of  the  thermopile  case  which  consisted  of  a  double- 
walled  copper  shield  with  a  slit  in  it  to  permit  the  radiation  falling 
upon  the  active  junctions,  caused  a  slight  unsteadiness  of  the  zero 
reading,  and  hence  lowered  the  accuracy  attainable.  In  the  blue 
and  green  where  the  deflections  were  from  5  to  10  cm  the  zero  reading 
was  not  affected  by  the  excessive  heating  and  the  individual  read- 
ings vary  by  .2  to  .3  mm  (for  example  5.83;  5.82;  5.82;  5.84;  585; 
5.83  cm),  or  one  part  in  200.  In  the  extreme  violet  and  in  the 
ultra-violet  (except  for  the  Nemst  glower)  where  the  deflections 
were  only  from  3  to  5  mm,  the  accuracy  attainable  was  only  from 
I  part  in  10  to  i  part  in  50.  In  case  of  the  Nemst  glower,  in  the 
extreme  ultra-violet,  and  in  the  stray  light  measurements,  where 
the  deflections  were  15  mm,  the  variations  from  the  mean  (which 
includes  fluctuations  in  the  glower  due  to  air  currents)  were  less 
than  .5  mm  or  about  3  per  cent.  On  the  whole,  this  refinement  is 
of  minor  importance,  for  the  interest  lies  in  the  general  trend  of 

*Hyde,  Phys.  Rev.,  81,  p.  183;  1910. 
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the  energy  curve  from  the  extreme  ultra-violet  mto  the  infra-red. 
It  may  be  added,  in  conclusion,  that  a  small  fluctuation  of  .  i  to 
.2  volts,  in  incandescent  lamps,  although  observable  on  the  spec- 
trophotometer, did  not  affect  the  observations  by  a  perceptible 
amount,  except  in  the  case  of  the  Nemst  glower,  in  which  a  varia- 
tion of  o.  I  volt  caused  an  appreciable  variation  in  the  emissivity 
in  the  yellow  and  especially  in  the  red.  All  the  lamps  were  oper- 
ated from  a  storage  battery,  so  that  the  voltage  was  easily  held 
constant.  The  voltmeter  was  caUbrated  several  times  and  found 
to  be  constant.  The  incandescent  lamps  were  seasoned  by  the 
photometry  division  of  this  Bureau,  and  the  voltages  specified  for 
obtaining  a  definite  efficiency.  For  this  purpose,  a  series  of  effi- 
ciency measiu-ements  (candlepower  and  watt-input)  were  made, 
varying  from,  say,  2.3  to  3.5  w.  p.  m.  h.  c,  and  a  curve  was  drawn, 
from  which  the  voltage  could  be  read  for  the  production  of,  say, 
2.5  wpc. 

In  conclusion,  it  seems  desirable  to  emphasize  the  fact  that  the 
acciu-acy  attainable  in  radiometric  work  is  greatly  influenced  by 
weather  conditions,  just  as  in  astronomical  work.  The  present 
observations  were  made  in  the  hottest  summer  months  when  the 
temperature  within  the  observing  room  was  closely  the  same  as  on 
the  outside  of  the  building.  Even  then  cloudy,  wind-free  days 
were  the  best.  In  subsequent  work,  several  months  later,  when 
it  was  more  windy,  and  when  the  room  temperature  was  different 
from  the  outside,  the  thermopile  was  more  imsteady  in  its  action. 
The  galvanometer  mirror  would  also  fluctuate  a  little,  due  to  air 
currents  and  probably  also  to  changes  in  astatacism  caused  by  a 
slight  swaying  of  the  building  by  strong  gusts  of  wind,  so  that  a 
precision  of  only  i  part  in  100  to  200  was  possible. 

m.  THE  ACETYLENE  FLAME 

1.  HISTORICAL 

That  particles  of  incandescent  carbon  in  flames,  and  especially 
in  incandescent  lamp  filaments  of  carbon,  can  have  a  sharp  band 
of  selective  emission  just  beyond  the  visible  (red)  spectrum  has 
always  seemed  to  the  writer  to  be  doubtful.  The  properties  of 
**soot"  and  **lamp  black"  are  a  high  absorptivity  in  the  visible 
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spectnun  which  decreases  rapidly  as  we  go  into  the  infra-red. 
The  experiments  of  Ladenburg  •  on  the  incandescent  particles  in 
the  acetylene  flame  show  a  similar  property  of  a  high  absorption 
in  the  visible  spectrum  which  decreases  miiformly  in  the  infra- 
red. In  order  to  have  a  sharp  band  of  selective  emission  the 
flame  should  show  a  band  of  strong,  well-defined  absorption  in 
this  same  region.  The  curves  of  Ladenburg  do  not  indicate  such 
a  condition.  From  all  the  experimental  data  now  at  hand  one 
would  expect  a  much  higher  emissivity  in  the  blue,  decreasing 
uniformly  into  the  infra-red,  just  as  obtains  in  the  metals.  That 
this  is  actually  the  case  for  acetylene  was  found  by  Dr.  Burgess, 
who  kindly  made  the  measurements  with  an  optical  pyrometer.^ 
The  pyrometer  showed  an  emissivity  equivalent  to  a  black  body  at 
a  temperature  of  1357®  in  the  red,  to  1450®  in  the  green,  and  to 
1475^  in  the  blue,  which  is  the  order  of  the  selective  emission  of 
metals.  In  view  of  the  fact  that,  as  will  be  noticed  presently,  the 
acetylene  flame  seems  to  show  a  slightly  more  transparent  region 
in  the  violet,  it  would  be  interesting  to  have  a  comparison  of  this 
same  region  with  a  sensitive  optical  pyrometer. 

Spectrophotometric  mtercomparisons  of  various  flames  and 
incandescent  lamps  seem  to  show  a  band  of  selective  emission  in 
the  deep  red.*  The  acetylene  flame  was  used  as  a  comparison 
standard.  Because  of  its  rapid  change  in  absorptivity  (and  hence 
emissivity)  in  the  region  of  .75/*  (see  Fig.  9) ,  the  slope  of  thespectral 
energy  curve  of  acetylene  is  entirely  different  from  that  of  an 
opaque  solid,  e.  g.,  a  carbon  filament.  Hence  the  curve  of  ratios 
of  emissivities  of  these  two  substances  assumes  various  forms 
(depending  upon  the  temperature  of  the  carbon  filament)  which, 
combined  with  errors  due  to  stray  light,  lack  of  sensitivity  of  the 
eye,  etc.,  give  the  appearance  of  a  band  of  selective  emission  at 
.72ft  when  in  reality  the  whole  is  due  to  a  rapid  variation  in  trans- 
parency •  in  the  region  of  .7  to  .8/*. 

The  logical  procedure  is,  of  course,  to  compare  such  sources 
against  a  black  body  which  can  not  emit  selectivity  in  favor  of 

'  Ladenbiii)^,  Phys.  Zs.,  7,  p.  697;  1906. 

7  This  Bulletin,  5,  p.  364;  Table  III. 

'  Nichols,  Phys.  Rev.,  18,  p.  65;  1901;  Blaker,  Phys.  Rev.,  18,  p.  345;  1901. 

*  This  Btilletin,  5,  p.  376;  1909. 
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some  particular  spectral  region.  About  two  years  ago  a  pre- 
liminary spectrophotometric  comparison  was  made  of  a  carbon 
lamp  and  of  an  acetylene  flame,  with  the  radiation  from  a  black 
body.  At  that  time  no  permanent  acetylene  apparatus  was  at 
hand.  A  temporary  generator  and  gasometer  were  constructed, 
with  which  acetylene  was  produced  for  two  series  of  spectropho- 
tometric comparisons,  and  for  the  pyrometric  comparisons  just 
mentioned.  Because  of  the  difficulty  of  operation  and  the  lack  of 
assistance  further  work  was  discontinued  until  the  completion  of 
the  Biu-eau's  permanent  acetylene  gas  generating  apparatus, 
which  now  consists  of  an  automatic  generator  attachable  to  either 
a  high  or  a  low  pressure  gasometer. 

In  the  spectrophotometric  measurements  no  selective  emission 
was  found  in  the  carbon  lamp ;  but  the  acetylene  flame  seemed  to 
show  selectivity  in  the  deep  red.*® 

From  a  recent  study  of  the  original  observations  it  appears  to 
the  writer  that  the  conclusions"  of  a  true  selective  emission  at  .y/t* 
was  erroneous.  The  data  then  obtained,  when  properly  inter- 
preted, indicates  a  low  emissivity  in  the  region  of  .jfi.  But  the 
eye  is  not  sufficiently  sensitive  to  differences  in  intensity  for 
frequencies  beyond  .7/*  to  put  much  reliance  in  these  spectro- 
photometric observations.  Moreover,  from  recent  experiences 
with  the  spectrophotometer  then  used,  the  writer  feels  that  even 
a  substitution  method  of  comparison  may  not  eliminate  all  errors. 
In  the  apparatus  used  by  us  the  photometric  field  is  not  evenly 
extinguished  by  the  rotating  sector  (in  this  device  the  sector  is 
stationary  and  the  beam  of  light  is  rotated) ,  the  line  of  extinction 
being  from  the  lower  right-hand  quadrant  to  the  upper  left-hand 
quadrant.  In  the  extreme  red  the  eye,  therefore,  unconsciously 
tends  to  wander  from  side  to  side  and  inconsistent  settings  result. 
In  some  recent  spectrophotometric  work  consistent  results  were 
obtained  only  by  fixing  the  eye  on  the  central  part  of  the  photo- 
metric field.  If  the  same  conditions  obtained  in  ovr  acetylene 
comparisons,  the  apparent  selectivity  is  easily  explained.  This 
same  thing,  however,  should  have  also  appeared  in  the  spectro- 
photometric comparisons  of  the  incandescent  lamps.     On  a  sub- 

*°  This  Bulletin,  5,  p.  376;  1910. 

"  This  Bulletin,  5,  pp.  349  and  376;  1910. 
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sequent  page  it  will  be  shown  that  the  previous  announcement" 
of  a  selective  emission  band  at  .72/A  was  based  upon  a  misinterpre- 
tation of  a  peculiar  depression  in  the  spectrophotometric  curves 
of  acetylene  (compared  against  a  black  body)  which  is  not  due  to 
a  true  emission  band,  but  is  due  to  a  rapid  decrease  in  the  absorp- 
tivity of  the  acetylene  flame  in  this  region  of  the  spectrum.  SuflBce 
it  to  say  that  any  selectivity  of  even  a  small  part  of  that  recorded 
by  us  spectrophotometrically  could  not  have,  as  will  be  noticed 
presently,  escaped  detection  radiometrically.  The  radiometric 
observations,  at  any  spectrometer  setting,  are  in  agreement  to  at 
least  I  part  in  200  and  often  to  i  part  in  460  (the  slight  fluctua- 
tions in  the  galvanometer  deflections  being  due  to  the  unsteadiness 
of  the  acetylene  flame)  which  acciu-acy  can  not  be  attained  with  a 
spectrophotometer,  at  least  not  in  the  extreme  red  end  of  the 
spectrum.  As  the  one  principally  responsible  for  undertaking 
this  work,  the  writer  can  but  express  his  regrets  that  anyone 
should  be  misled  into  a  discovery  of  selectivity"  from  the  pre- 
liminary spectrophotometric  data  then  obtained.  Other  data 
then  at  hand  was  overwhelmingly  against  our  spectrophotometric 
results  and  with  the  new  data,  to  be  discussed  presently,  the 
writer  feels  no  necessity  for  changing  the  views  then  expressed," 
namely  that  the  apparent  spectrophotometric  selectivity  is  not 
due  to  a  true  emission  band,  but  is  due  to  an  increase  in  trans- 
parency of  the  acetylene  flame  in  the  infra-red.  Previous  obser- 
vations on  the  distribution  of  energy  in  the  spectrum  of  the  acety- 
lene flame  were  described  by  Stewart;"  but  the  data  is  not  appli- 
cable to  the  present  question  of  a  selective  emission  in  the  visible 
spectrum. 

It  is  to  be  noticed  that  in  the  present  experiments  the  light- 
gathering  power  of  this  instrument  was  six  times  that  used  in 
previous  investigations  of  acetylene.  The  dispersion  was  also 
considerably  greater  than  used  heretofore,  being  almost  five  times 
as  great  when  using  the  glass  prism.  Furthermore,  there  is  no 
uncertain  absorption  due  to  silvered  mirrors.     The  instrument 

"  Hyde,  Jour.  Franklin  Institute,  170,  p.  29;  19 10. 

"  This  Bulletin,  5,  p.  376;  1910. 

**  Stewart,  Phys.  Rev.,  18,  p.  257;  1901;  16,  p,  123;  1902. 
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was  capable  of  collecting  sufficient  light  and  in  producing  a  suffi- 
ciently long  visible  spectrum  to  make  observation  easy,  accurate, 
and  free  from  doubt.  If  a  band  of  selective  emission,  of  appreci- 
able intensity,  exists  at  .7/1*,  it  must,  therefore,  be  observable  in 
the  spectral  radiation  curve. 

2.  THE  VISIBLE  SPECTRUM 

For  the  present  investigation,  the  acetylene  was  produced  by  a 
commercial  automatic  generator.  It  was  binned  as  it  came  from 
the  gasometer,  without  additional  drying,  and  hence  was  investi- 
gated as  in  previous  experiments.  For  the  flat  flame,  a  Von 
Swarz  "  Perfection  "  acetylene  burner  was  used.  The  rated  capa- 
city was  ^  cu.  ft.  per  hour,  operated  on  a  pressure  of  7  cm  (2^ 
inches)  of  water.  A  lava  tip  of  a  "Naphey"  burner  was  also 
used.  This  consumed  X  cu.  ft.  per  hour.  It  gave  a  cylindrical 
flame  about  3  cm  high.  Spectral  energy  curves  of  these  two 
flames  were  also  obtained  when  burning  under  a  gas  pressure  of 
10  cm  (4  inches)  of  water.  It  was  found  that  the  spectral  energy 
curves  of  these  two  flames  coincided  exactly  when  operated  imder 
the  same  gas  pressiu-e.  No  data  was  obtained  of  the  cylindrical 
acetylene  flame  when  bmning  tmder  7  cm  water  pressure.  The 
observations  on  the  flat  flame  show  that  for  the  same  intensity 
in  the  violet  the  intensity  m  the  red  is  greater  on  the  normal  water 
pressure  of  7  cm  than  on  the  higher  pressure  of  10  cm  water.  In 
view  of  the  fact  that  the  observations  on  the  flat  flame  were  made 
on  different  days  with  different  adjustments  of  the  flame  before 
the  spectrometer  slit,  further  observations  will  be  necessary  to 
determine  whether  this  is  solely  due  to  a  variation  in  pressure. 

In  these  three  series  of  measurements,  using  the  quartz  prism, 
no  selective  emission  (which  should  manifest  itself  as  a  hump  at 
.7/tA  in  the  spectral  energy  curve),  could  be  observed  either  in  the 
prismatic  or  the  normal  spectral  energy  curve.  As  a  further  check 
on  the  accuracy,  using  a  larger  dispersion,  the  apparatus  was 
readjusted  and  a  light  flint  silicate  prism  substituted  for  the  one 
of  quartz.  With  this  larger  dispersion,  using  the  rest  of  the 
apparatus  as  before,  the  galvanometer  deflections  were  reduced  to 
5  cm  in  the  yeUow  and  a  total  deflection  of  35  cm  in  the  red.     For 
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a^ciiracy  in  measuring  the  galvanometer  deflections,  all  readings 
were  reduced  to  about  15  cm,  and,  since  the  deflection  could  be 
read  acciurately  to  0.3  mm,  to  0.5  mm,  a  precision  of  i  part  in  300 
to  460  would  easily  have  been  possible.  But  the  flame  was 
subject  to  fluctuations,  due  to  air  currents,  of  i  to  2  mm  (galvano- 
meter deflection) ,  so  that  this  precision  was  considerably  reduced. 
The  results  obtained  on  the  flat  flame  are  shown  graphically  in 
Fig.  4,  in  which  the  continuous  lines  (  •  •  )  give  the  obser- 
vations in  the  prismatic  (glass)  spectrum  and  the  dotted  lines 
(00000)  give  this  same  data  reduced  to  the  (approximate) 
normal  spectrum. 

The  normal  spectral  energy  curve  of  the'  flat  flame,  obtained  by 
using  the  quartz  prism,  coincides  within  i  per  cent  throughout 
the  whole  length  with  the  normal  curves  given  in  Fig.  4.  This 
is  an  excellent  test  of  the  factors  used  in  reducing  the  prismatic 
ciu^es  to  the  normal  curve.  No  correction  has  been  made  for 
change  in  focal  length  which  would  increase  the  curvatiu'e  in  the 
red. 

In  the  prismatic  curves,  Fig.  4,  the  three  dots  at  each  point  of 
observation,  for  example  at  .7/*,  indicate  the  maximum,  the  mean 
(of  10  to  15  observations),  and  the  minimum  deflections  repre- 
senting three  series  of  observations  made  in  rapid  succession  back 
and  forth  throughout  the  spectrum.  The  whole  time  consumed 
was  less  than  two  hours,  with  the  barometer  reading  755  mm  and  a 
relative  humidity  of  about  69  to  70  per  cent.  No  irregularity  is 
observable  in  the  energy  etudes,  greater  than  that  due  to  fluc- 
tuations in  the  flame,  and  it  can  safely  be  said  that  these  curves 
show  no  band  of  selective  emission,  at  .7/*  to  .72/*,  in  which  the 
maximum  rises  as  much  as  one  per  cent  above  the  general  trend  of 
the  spectral  energy  cin^e.  The  ^pectrophotometric  data  would 
indicate  a  protuberance  at  ,^o^l  rising  several  centimeters  above 
the  general  trend  of  the  spectral  energy  cin^e.  Furthermore,  the 
spectral  energy  curves,  obtained  with  this  apparatus,  of  carbon 
filament  lamps  show  no  selective  emission  in  this  region.  It  is 
therefore  an  interesting  question  why  the  spectrophotometric 
intercomparisons  of  these  two  soiu-ces  should  indicate  an  abnormal 
emission   beyond   0.7/*.     The   very   marked   difference   of  their 
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emissivities  in  the  infra-red  should  produce  a  maximum  in  their 
ratios  of  intensities.  This  maximtun  for  a  2.5  watt  "Gem"  car- 
bon filament  lies  at  about  .55/*.     See  Figs.  6  and  8. 

In  Fig.  5,  curve  a  shows  the  normal  spectral  energy  curve  of 
the  acetylene  flame,  determined  with  the  mirror  spectrometer, 
fluorite  prism,  and  vacuum  bolometer.     In  order  to  obtain  suflfi- 
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cient  intensity,  the  flame  was  placed  so  that  it  radiated  edgewise 
into  the  spectrobolometer.  The  curve  has  been  corrected  for 
absorption  by  the  silver  mirrors.  The  values  obtained  by  Stew- 
art, using  a  cylindrical  flame,  have  been  similarly  corrected  and 
reduced  to  a  normal  spectrum  by  means  of  the  writer's  slit  width 
factors.  The  two  etudes  coincide  exactly  throughout  the  whole 
visible  spectrum.     The  lack  of  coincidence  in  the  infra-red  is  no 
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doubt  due  to  the  difiFerence  in  the  eflf^tive  thickness  of  the  two 
flames,  as  will  be  noticed  on  a  subsequent  page.  The  values  of 
the  various  emissivities  (arbitrary  units)  of  the  normal  spectral 
energy  curve  of  acetylene  are  given  in  Table  I.  The  values  at 
.36/A  to  .52/4  were  obtained  with  the  quartz  lens  spectrometer. 
They  coincide  exactly,  over  the  common  range  from  .44/*  to  .52/*, 
with  the  values  obtained  with  the  mirror  spectrometer  having 
three  reflecting  mirrors.  Using  five  mirrors,  instead  of  three,  the 
spectral  energy  curve  at  .40/*  to  .44/*  falls  slightly  below  the 
values  given  in  Table  I.  This  is  no  doubt  due  to  the  lack  of  a 
proper  correction  for  the  absorption  by  the  silver  mirrors. 

TABLE  I 


Wave  L«iisth  In 

H  —  .001  mm 


Smiatlvlty 


Wave  Langth  In 

n  —  .001  mm 


Rmtoslvtty 


.36 

3.5 

.56 

43.7 

.38 

4.4 

.58 

54.0 

.40 

5.8 

.60 

66.3 

.42 

7.2 

.62 

80.5 

.44 

9.7 

.64 

96.5 

.46 

12.5 

.66 

112.8 

.48 

16.5 

.68 

130.1 

.50 

21.7 

.70 

147.0 

.52 

27.6 

.72 

163.8 

.54 

34.8 

!                .74 

t 

181.5 

3.  BMISSIVITY  A  FUNCTION  OF  THE  THICKNESS  OF  THE  RADIATING 

LAYER 

The  acetylene  flame  consists  essentially  of  incandescent  carbon 
particles  in  the  process  of  combustion,  suspended  in  the  heated 
gases,  CO,  and  HjO,  which  are  the  combustion  products  of  acety- 
lene. The  spectral  energy  curve  therefore  consists  of  a  contin- 
uous spectrum  due  to  the  incandescent  carbon  particles  super- 
posed upon  the  composite  emission  spectrum  of  water  vapor  and 
carbon  dioxide,  which  consists  of  strong  emission  bands,  notably 
at  2.7ft  and  4.4^- 
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In  order  to  be  able  to  use  the  acetylene  flame  as  a  standard 
of  reference  in  spectral  radiation  work,  it  is  important  to  know 
how  the  emissivity  varies  with  the  thickness  of  the  flame.  That 
the  thickness  of  the  radiating  layer  has  but  sUght  if  any  effect 
on  the  shape  of  the  (prismatic)  energy  curve  in  the  visible  spectrum 
is  shown  in  Fig.  5,  curve  6,  which  gives  the  radiation  from  the 
flat  side  (xxx  and  .  .  .  .  )  and  the  edge  (000)  of  the 
flame.  In  this  experiment  the  acetylene  flame,  radiating  edge- 
wise into  the  spectrometer  slit,  illtuninated  a  width  of  only  about 
1.5  cm  of  the  glass  prism,  which  was  therefore  entirely  covered 
except  about  1.5  cm  of  the  central  part  of  the  face.  In  this 
maimer,  the  flat  side  of  the  flame  illuminated  the  same  width  as 
the  flame  turned  edgewise.  The  expectation  was  to  find  a  marked 
mcrease  in  the  emissivity  in  the  red  when  the  flame  was  radiating 
edgewise  into  the  spectroradiometer.  The  deflections  were  eleven 
times  as  large  as  those  from  the  flat  side  of  the  flame,  but  when 
reduced  to  the  same  scale  and  plotted,  as  shown  in  curve  b  Fig.  5, 
they  coincide  throughout  the  whole  range.  In  this  experiment 
the  radiation  from  the  flat  flame  (xxxx)  was  first  observed,  then 
the  flame  was  accurately  adjusted  edgewise  (0000),  and  finally 

the  observations  were  repeated  on  the  flat  flame  ( ). 

The  observations  of  the  flame  radiating  edgewise  were  subject  to 
greater  variations  (due  to  air  drafts  which  deflected  the  flame 
from  the  1.5  cm  opening  of  the  cover  on  the  prism)  than  when 
observed  flatwise,  and,  in  all,  less  observations  were  made  than 
for  the  curves  in  Fig.  4.  Nevertheless,  there  is  an  exact  coinci- 
dence of  the  three  series,  throughout  the  visible  spectrum,  showing 
the  same  relative  emissivity  when  viewed  flatwise  as  when  viewed 
edgewise.  This  is  probably  to  be  expected  in  view  of  the  fact  that 
the  variation  m  the  absorptivity  with  thickness  of  the  flame  is  not 
very  marked  in  this  spectral  region.  Moreover,  in  this  spectral 
region  the  variation  in  absorptivity  (emissivity)  with  the  wave- 
length is  not  so  marked  as  in  the  infra-red.  In  this  same  curve 
the  observations  marked  with  the  rectangles  (  H  H  H  0  ) 
were  made  with  the  same  apparatus,  and  a  flat  flame,  a  month 
later  when  metereological  conditions  were  different,  and  when  the 
gas  generator  contained  a  fresh  charge  of  carbide.  The  observa- 
tions coincide  exactly  with  those  previously  obtained. 
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In  Fig.  6,  curve  a  gives  the  normal  infra-red  spectral  energy 
curve  of  the  acetylene  flame  radiating  edgewise  into  the  silt,  while 
curve  b  gives  the  energy  curve  of  the  same  flame  radiating  flatwise 
into  the  spectrobolometer.  In  the  latter  all  the  observations 
were  multiplied  by  the  factor,  9.6,  which  produced  an  exact  coin- 
cidence throughout  the  visible  spectrum.  In  the  infra-red  there 
is  a  wide  departure  in  the  lack  of  coincidence  of  the  two  radiation 
curves.  This  is  especially  noticeable  in  the  emission  bands  of 
carbon  dioxide  at  4.4/*.  For  the  flat  flame  the  ratio  of  the  two 
maxima,  £(max)  :  £(X«4.4ft)  =2.05  while  in  the  flame  radiat- 
ing edgewise  the  ratio  of  E  (max)  :  E  (X  =  4.4/a)  =5.5.  In  other 
words,  in  viewing  the  flame  flatwise  the  maximiun  emission  of  the 
CO,  band  is  almost  one-half  as  great  as  the  point  of  maximum 
emission  of  the  incandescent  carbon  particles,  while  in  the  flame 
viewed  edgewise,  the  CO,  band  is  only  about  one-fifth  the  maxi- 
mum at  1.25/A. 

Curve  c,  Fig.  6~,  gives  the  ratios  of  ciu^e  a  to  curve  6,  and  it  also 
shows  that  the  emissivity  of  the  CO,  increased  by  a  much  smaller 
amount  than  did  the  emissivity  of  the  incandescent  carbon  particles. 

In  Fig.  6  the  relative  areas  of  curves  a  and  b  are  88  to  74,  which 
explains  the  wide  variations  in  the  various  determinations  of  the 
luminous  eflSciency. 

4.  COMPARISON  OF  ACETYLENE  FLAME  AND  A  SOLID  RADUTOR 

The  wide  departure  of  the  acetylene  radiation  from  that  of  a 
black  body  is  well  illustrated  in  Fig.  6.  For  a  black  body  (at  the 
same  temperature)  there  would  not  be  a  great  depression  in  the 
spectral  radiation  ciurve,  such  as  obtains  in  acetylene,  between 
1.5  and  4.4M.  This  is  illustrated  in  the  following  comparison  of 
acetylene  with  a  Nemst  glower.  While  the  Nemst  glower  at  low 
temperatures  "  departs  far  from  a  black  body  in  its  radiation,  it 
seemed  of  interest  to  compare  the  acetylene  with  it  when  the  two 
were  set  to  the  same  emissivity  in  the  green.  This  was  done  by 
viewing  the  Nemst  glower  against  the  acetylene  flame,  using  green 
glass,  and  varying  the  current  through  the  glower  imtil  its  color 
merged  into  that  of  the  acetylene  flame.  The  latter  was  viewed 
edgewise.  The  glower  was  a  D.  C.  t)rpe  13  mm  long,  1.03  mm 
diameter  and  rated  at  about  73  watts.     To  obtain  a  match  with 
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the  acetylene,  in  the  green,  an  energy  input  of  only  36  watts  was 
required.  To  the  eye,  of  course,  the  glower  is  decidedly  reddish 
in  color,  due  to  its  greater  emissivity  in  the  red.  This  is  well 
illustrated  in  Fig!  7,  in  which  curve  a  gives  the  radiation  from  the 
Nemst  glower  and  curve  b  gives  the  radiation  from  the  acetylene 


4  ••  5  •»  6/Jv 

NERNST  GLOWER  ia)k  ACETYLENE  FLAME  {b) 

Fig.  7 

flame.  The  radiation  curves  are  entirely  diflFerent  in  these  two 
radiators  and  while  the  Nemst  emitted  the  more  "light,"  it  was 
of  a  type  not  the  most  useful  to  the  eye.  The  ratio  of  the  areas  of 
these  two  energy  curyes  is  (a  :  6)  84  :  34;  the  Xwcw^  i-35M  ^^d  i.25fi 
respectively. 
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5.  ABSORPTIVITY  OF  AN  ACETYLENE  FLAME 

The  general  notion  seems  to  prevail  that  amorphous  carbon  in 
the  form  of  "soot"  or  "lampblack"  is  a  turbid  medium,  which 
has  the  property  of  an  increase  in  transparency  with  increase  in 
wave  lengfth.  The  few  experiments  now  at  hand  on  the  absorp- 
tivity of  a  layer  of  soot  at  room  temperatures  indicate  a  high 
absorptivity  in  the  visible  spectrum  which  decreases  uniformly 
but  rapidly  as  we  go  into  the  infra-red.  There  are  so  many  forms 
of  amorphous  carbon  that  this  should  hardly  be  considered  a 
general  rule  without  further  investigation.  Furthermore,  the 
nature  of  the  medium  in  which  the  particles  are  suspended  must 
also  be  considered,  whether  the  surrounding  medium  is  a  hot  or  a 
cold  gas,  or  a  liquid,  as  in  the  case  of  asphaltum  varnish.  In  this 
respect,  as  will  be  noticed  presently,  the  incandescent  particles  in 
the  acetylene  flame  are  not  tmlike  colloidal  suspensions  of  metals 
in  which  there  is  usually  a  distinct  absorption  band. 

The  present  examination  of  the  absorptivity  of  an  acetylene 
flame  was  undertaken  to  verify  the  previous  work  by  Ladenburg,** 
whose  absorptivity  curve  (see  Fig.  9)  is  smooth  and  continuous 
in  the  region  of  .7/*,  where  there  should  be  an  absorption  band,  if 
the  acetylene  flame  has  a  true  emission  band  in  this  part  of  the 
spectrum.  The  discovery  of  a  fairly  well  defined  absorption  band 
in  the  visible  spectrum  came  as  a  distinct  surprise,  for  it  was  the 
expectation  to  find  a  uniform  increase  in  absorption  as  we  go  into 
the  ultra-violet,  as  is  generally  supposed  to  be  the  case,  and  as 
indicated  in  Ladenburg's  curves,  which,  however,  stop  at  .711.  A 
subsequent  search  of  the  literatiu*e  on  the  absorption  by  lamp- 
black shows  that,  even  in  the  cold  state,  there  are  some  forms  of 
carbon  (or  hydrocarbon  ?)  which  exhibit  an  absorption  band  in  the 
visible  spectrum.  In  1886,  Nichols  "  published  the  results  of  an 
investigation  of  two  specimens  of  lampblack,  both  of  which  showed 
a  maximum  of  absorption  in  the  region  of  .52/*,  the  transmitting 
power  being  considerably  greater  in  the  red  and  in  the  violet. 
Subsequently  he  published  measurements  upon  the  age  coating 

**  Ladenburg,  Phys.  Zs.,  7,  p.  697;  1906. 

^^  Nichols,  Trans.  Kansas  Academy  of  Science,  10,  p.  37,  x8S6;  Phys.  Rev.,  18, 

p.  37S;  1901- 
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in  incandescent  lamps,  made  by  Messrs.  Moore  and  Ling,  in  which 
it  was  shown  '*  that  the  absorption  of  light  by  the  deposit  of 
carbon  upon  the  glass  bulb  of  a  lamp  with  a  treated  carbon 
filament,  was  greatest  in  the  region  of  .635^1.  It  is  interesting  to 
note  that  the  age  coating  on  the  bulb  of  an  incandescent  lamp, 
containing  an  tmtreated  carbon  filament,  did  not  show  a  maximum 
absorption  in  the  visible  spectrum,  behaving  in  this  respect  like 
lampblack  deposited  from  flames." 

The  structure  of  the  carbon  particles  in  the  acetylene  flame 
with  their  maximum  absorption  in  the  visible  spectrum  are  there- 
fore not  very  unlike  some  of  the  aforesaid  "metallic"  deposits 
from  such  vapors  as  gasoline  or  benzine  on  a  treated  carbon  fila- 
ment. By  heating  a  strip  of  platintun  in  an  inclosed  vessel  and 
then  introducing  acetylene,  similar  metallic  films  may  be  formed, 
which  are  easily  removed  and  moimted  on  a  glass  plate.**** 

The  first  indication  of  an  increased  transparency  in  the  acetylene 
flame,  in  the  violet,  came  from  an  examination  of  the  ratios  of  its 
spectral  emissivities  with  those  of  carbon  filaments.  These  ratios 
show  a  decided  maximum  in  the  visible  spectnun.  This  is  illus- 
trated in  Fig.  8,  in  which  curve  c  gives  the  ratios  of  emissivities 
of  acetylene  (from  Fig.  4)  divided  by  the  emissivities  of  a  graphi- 
tized  carbon  ("Gem")  filament  which  was  operated  on  2.5 
w.  p.  m.  h.  c.  A  similar  curve,  c  Fig.  7,  gives  these  ratios  to  2.5^1. 
In  this  case  the  flat  side  of  the  flame  radiated  into  the  spectrometer 
slit.  Curve  b  gives  the  ratios  of  emissivities  of  the  acetylene  flame 
to  the  emissivities  of  the  graphitized  carbon  filament,  when  the 

^'  Nichols,  Amer.  Jour.  Sci.,  84,  p.  277;  1892. 

*•  Stark,  Ann.  der  Phys.,  62,  p.  351;  1897. 

^  Since  writing  this  paper,  Dr.  Nutting  has  kindly  made  a  spectiophotometric 
examination  of  the  age  coating  on  the  glass  walls  of  commercial  incandescent  lamps 
containing  "treated"  filaments  and  graphitized  carbon  ("Gem")  filaments.  The 
lamps  were  prepared  for  me  by  Mr.  Mulligan.  The  deposits  were  heavy,  to  avoid 
errors  in  observations.  In  neither  case  was  a  distinct  absorption  band  fotmd  in  the 
visible  spectrum.  The  absorption  decreased  tmiformly  from  49  per  cent  in  the 
violet  ( .447^)  to  47  per  cent  in  the  red  ( .  7 p.)  for  a  sample  coating  from  a  "  treated  "  carbon 
filament.  The  coating  from  the  graphitized  filament  absorbed  ag  per  cent  in  the  violet, 
which  decreased  uniformly  to  a 8  per  cent  in  the  red.  The  observation  were  repeated, 
with  greater  thoroughness,  on  a  sample  of  "treated  "  carbon  deposit,  which  absorbed 
57  percent  in  the  violet  and  51  per  cent  in  the  yellow,  the  accuracy  being  z  part 
in  200. 
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flame  radiated  edgewise  into  the  spectrobolometer.  In  these  com- 
parisons a  glass  prism  was  used  with  the  quartz  spectroradiometer. 
Using  a  quartz  prism  to  obtain  the  two  spectral  energy  curves, 
curve  d  gives  the  ratios  of  the  emissivities  of  acetylene  divided  by 
the  emissivities  of  a  treated  carbon  lamp  on  4  w.  p.  m.  h.  c.  Curve  a 
gives  the  ratios  of  acetylene  to  the  emissivities  of  a  Nemst  glower, 
on  normal  operation.  The  depression  observable  at  .48ft  to  .52^1 
in  the  preceding  curves  is  also  observable  in  this  one ;  but  since  it 
is  unknown  whether  the  glower  has  a  band  of  selective  emission  in 
this  region  the  data  is  not  so  convincing. 


.52  .56  .60 
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Fig.  8 


In  all  these  curves  the  region  at  .7^1  to  .^2^l  shows  no  sharp 
changes  in  curvature,  such  as  would  have  to  obtain  in  the  presence 
of  an  emission  band  in  this  region.  These  spectroradiometric 
ratios  are  exactly  analagous  to  the  spectrophotometric  data  and 
since  the  original  observations  are  acciu-ate  to  at  least  i  per  cent 
(which  accuracy  can  not  be  claimed  with  the  spec  rophotometer 
at  .7;i)  it  is  evident  that  the  accuracy  of  the  spectrophotometric 
data  must  be  considered  in  doubt  imtil  further  work  has  been 
done  on  that  subject.  In  all  these  curves  there  is  a  pronounced 
maximum  in  the  region  of  .56ft  to  .6oft,  the  variation  in  the  posi- 
tion of  the  maximum  being  due  to  the  difference  in  temperature  of 
the  carbon  filament. 
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For  curve  d  the  black  body  temperature  ••  of  th6  treated  carbon 
lamp  on  4  w.  p.  m.  h.  c.  is  1 790*^  ±  20° C.  This  curve  at  .j/i  is  very 
similar  to  the  one  obtained  with  the  spectrophotometer.*®  In  the 
violet  the  spectrophotometric  curves  previously  obtained,*®  and 
also  those  recently  obtained  by  various  observers  in  this  Bureau, 
do  not  drop  so  rapidly  as  the  aforesaid  curves  given  in  Fig.  8. 

In  the  spectrophotometric  comparisons  of  the  acetylene  flame 
against  a  black  body  at  1410®  Abs.  (a  much  lower  temperature) 
Nichols  and  Merritt  »*  found  this  maximum  shifted  over  into  the 
blue-green.  However,  the  fact  that  the  acetylene  curve  and  the 
spectral  energy  curve  of  the  black  body  at  14 10®  Abs.  do  not 
coincide  is  hardly  evidence  of  selective  emission,  for  the  tempera- 
ture of  the  acetylene  flame  is  about  1800°  C  and  hence  would, 
under  ordinary  circumstances,  emit  the  more  Ught  in  the  blue  and 
violet  part  of  the  spectrum ;  but  the  important  point  is  that  their 
energy  curve  of  acetylene  shows  a  marked  elevation  in  the  blue- 
green. 

While  all  this  data  can  now,  at  the  conclusion  of  the  work,  be 
cited  as  additional  evidence  of  a  transparent  region  in  the  violet 
of  the  acetylene  flame,  the  first  discovery  of  this  transparency,  by 
measuring  the  absorptivity  directly,  could  not  be  supported  by 
such  convincing  proof,  and  three  distinct  series  of  experiments 
were  made,  during  an  interval  of  four  months,  m  order  to  be  cer- 
tain that  the  whole  is  not  due  to  instrumental  errors. 

In  the  first  series  of  measurements  of  the  absorptivity  of  the 
acetylene  flame  an  image  of  Nemst  glower  was  projected  upon  the 
sUt  of  the  quartz  lens  spectroradiometer  (with  light  flint  glass 
prism)  by  means  of  a  15  cm  focal  length  silvered  mirror.  The 
flat  acetylene  flame  was  placed,  in  a  fixed  position,  about  3  cm  in 
front  of  the  slit.  Two  shutters  were  provided;  the  one  for  pre- 
venting any  radiation  from  entmng  the  spectroradiometer  slit, 
the  other  for  preventing  radiation  from  the  Nemst  glower  from 
falling  upon  the  acetylene  flame.  Suitable  shields  were  of  course 
provided  to  prevent  errors  due  to  stray  light.  Repeated  experi- 
ments showed  that  observations  could  be  repeated  exactly  on 


**This  Bulletin,  6,  p.  326;  1910. 

'^Nichols  and  Merritt,  Phys.  Rev.,  80,  p.  328;  1910. 
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relighting  the  flame.  The  Nemst  glower  was  operated  constantly 
on  a  storage  battery,  to  keep  it  at  a  uniform  temperature.  The 
order  of  observation  consisted  in  (i)  setting  the  spectroradiometer 
circle  to  some  definite  wave  length ;  (2)  observing  the  galvanometer 
reading  due  to  the  acetylene  flame;  (3)  observing  the  galvanometer 
reading  when  both  the  acetylene  flame  and  the  Nemst  glower 
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radiated  into  the  slit ;  (4)  with  the  acetylene  flame  extinguished, 
observing  the  radiation  from  the  Nemst  glower;  and  (5)  usually 
repeating  the  complete  series  in  the  reverse  order.  From  10  to  15 
observations  were  therefore  obtained  for  each  of  the  three  steps,  or 
from  30  to  45  at  any  spectrometer  setting.  The  absorptivity  is 
(2)  +  (4)  —  (3)  -^  (4) .  In  this  manner  curve  a,  Fig.  9,  was  obtained. 
The  cone  of  light  from  the  glower  covered  the  greater  part  of  the  thin 
central  portion  of  the  acetylene  flame;  but  only  a  strip  of  the  flame, 
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about  5  mm  wide,  shone  upon  the  prism  face.  The  absorptivities 
are  therefore  only  relative  values.  About  four  months  later  the 
work  was  taken  up  anew,  to  verify  these  observations,  by  using  a 
thicker  absorbing  layer,  but  other  instrumental  details  remaining 
as  before.  For  this  purpose  two  flat  flames  were  placed  as  close 
together  as  was  possible,  and  the  absorption  by  the  two  flames  was 
observed.  The  deflections  for  the  two  flames  were,  of  course, 
much  greater  and  permitted  observations  farther  into  the  violet 
than  in  the  previous  experiment.  The  absorption  band,  ctu^e  b, 
Fig.  9,  came  out  much  sharper  than  with  the  thinner  flame. 
Moreover,  there  appears  to  be  an  absorption  mmimum  in  the 
region  of  .48ft  to  .5/A.  It  is  important  to  notice  that  the  depression 
in  the  curves,  at  .5;^,  is  greatly  magnified  in  Fig.  9,  and  hence,  at  a 
first  glance,  may  appear  deceptive.  The  total  variation  in  the 
absorptivity  is  so  small  that  it  would  be  difficult  to  observe  a  change 
in  emissivity  in  this  part  of  the  spectrum,  because  of  the  small- 
ness  of  the  galvanometer  deflections,  and  the  rapid  change  in  the 
spectral  energy  curve  as  indicated  in  Fig.  4.  The  slight  depres- 
sion at  .52  to  .54ft  observable  in  Fig.  4  is  probably  due  to  the 
increased  transparency  of  the  acetylene  flame,  but  it  is  not  much 
greater  than  experimental  error. 

There  still  being  reasons  for  doubt  in  this  matter  the  work  was 
repeated,  using  Ladenburg's  method  in  which  an  image  of  a 
thick  (2  mm  diameter)  Nemst  glower  was  projected  normally 
upon  the  acetylene  flame  which  stood  flatwise  back  of  a  metal 
screen,  with  a  slit  10  x  2  mm  area.  The  radiation  from  the 
glower  and  the  acetylene  flame,  passing  through  this  slit  was 
received  upon  a  second  mirror  which  projected  an  image  of  the 
two  radiators  (the  slit)  upon  the  spectrometer  slit.  The  absorp- 
tion in  the  second  mirror  reduced  the  intensity  of  the  acetylene 
flame  so  much  that  observations  were  very  difficult  in  the  violet. 
The  absorptivity  curve  c  is  practically  the  same  as  in  the  previous 
experiments.  The  absolute  values  of  the  absorptivities  in  the 
three  experiments  are  not  comparable,  because  different  areas  of 
the  (flat  surface  of  the)  flame  were  examined.  Ladenburg's 
curve  is  also  given  in  this  illustration  as  additional  evidence  of 
the  absence  of  an  absorption  band  at  .7/1.     In  order  to  increase 
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the  absorptivity  he  placed  the  flame  so  that  the  flat  side  made  an 
angle  of  45°  with  the  slit. 

The  sharp  turn  in  the  absorptivity  curve  at  .7^1  to  .8ft  must 
have  a  peculiar  effect  upon  the  emissivity  ctu-ve,  but  it  will  not 
produce  a  true  emission  band.  As  a  result  of  the  absorption 
(emission)  band  at  .6ft,  and  of  the  rapid  decrease  in  absorptivity 
at  .7ft,  the  spectral  energy  curve  of  the  acetylene  flame  is  much 
straighter  (practically  a  straight  line  from  .64ft  to  .72ft)  in  this 
spectral  region  than  obtams  in  metal  and  carbon  filaments. 

It  will  be  an  interesting  investigation  to  determine  whether  the 
presence  of  an  absorption  band  in  the  visible  spectrum  is  a  prop- 
erty of  all  flames  containing  incandescent  carbon  particles.  In 
the  low  temperature  flames,  e.  g.  benzine,  amyl  acetate,  etc.,  the 
difficulty  will  arise  in  obtaining  sufficiently  large  deflections  to 
make  the  test  conclusive.  A  qualitative  test  may  be  obtained 
by  simply  taking  the  ratios  of  their  emissivities  against  an  imtreated 
carbon  filament.  See  Fig.  8.  A  special  form  of  optical  pyrometer 
would  be  the  simplest  instrument  to  use,  provided  it  can  be  made 
sufficiently  sensitive  in  the  violet. 

Heretofore  it  has  generally  been  supposed  that  flame  spectra  ^ 
exhibit  but  two  types  of  emission  bands;  (i)  the  sharp  emission 
bands  of  the  gases  which  are  the  heated  combustion  products  of  the 
gas  used  (e.  g.,  the  emission  bands  of  CO,  at  4.4ft,  Fig.  6),  and  (2) 
the  radiation  from  the  incandescent  carbon  particles  which,  as  in 
the  case  of  the  lamp  filament,  covers  a  wide  portion  of  the  infra-red 
spectrum  with  a  maximum  in  region  of  i.2ft  to  1.5ft.  But  no 
really  convincing  data  was  at  hand  which  indicated  'a  true  emission 
band  in  the  visible  spectrum.  All  the  data  herewith  presented 
indicate  such  an  emission  band  in  the  acetylene  flame.  The  next 
question  is  the  probable  cause  of  this  band.  Some  of  the  experi- 
ments on  lampblack  just  quoted  seem  to  indicate  that  the  absorp- 
tion is  caused  by  the  carbon  particles .  (probably  hydrocarbons) 
suspended  in  the  heated  gases.  There  seems  to  be  a  difference  in 
the  structure  of  the  carbon  (lampblack)  deposited  on  a  cold 
surface,  which  shows  no  absorption  band  in  the  visible,"  and  in 
the  structure  of  carbon  (hydrocarbon?)  deposited  on  hot  surfaces, 

"  See  The  Ilium.  Eng.»  London,  8,  p.  a6x,  etc.,  1910,  in  which  the  various  types 
of  emission  spectra  are  illustrated. 
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e.  g.,  a  deposit  on  the  ** treated  carbon"  filament  of  an  incandes- 
cent lamp.  The  latter  form  when  condensed  on  the  walls  of  the 
lamp  sometimes  shows  an  absorption  band  in  the  visible  spec- 
trmn.*'  The  broadening  or  the  sharpening  of  bands  in  various 
substances  in  solution,  with  change  in  temperature,  does  not 
seem  to  follow  the  same  law.  It  is  therefore  possible  that  the 
broad  region  of  absorption  caused  by  the  cold  carbon  particles  is 
narrowed  down  mto  a  sharp  band  when  the  particles  are  in  a 
highly  incandescent  state. 

The  theoretical  temperature  of  combustion  of  acetylene  gas  is 
of  the  order  of  4000°  to  5000*^  C  at  the  moment  of  disruption  of 
the  acetylene  molecule.  Such  a  high  temperature  can  not,  of 
course,  be  maintained  on  account  of  the  heat  lost  by  conduction, 
convection,  and  radiation,  so  that  the  mean  thermal  temperature 
of  the  acetylene  flame  is  about  1800®  C.  Similar  emission  bands 
in  other  substances  have  been  ascribed  to  thermoluminescence 
and  no  doubt  some  will  be  willing  to  consider  the  selective  emis- 
sion in  the  visible  spectrtun  of  acetylene  to  be  due  to  the  emis- 
sion of  the  acetylene  molecule.  By  luminescence  is  meant  an 
emissivity  greater  than  that  of  a  black  body  at  the  same  tempera- 
ture. An  interesting  case  of  a  supposed  thermoluminescence  *'  is 
the  peculiar  diaphanous  white  light  emitted  by  oligloclase  when 
heated  to  a  mean  thermal  temperature  of  800°  to- 1000°.  How- 
ever, the  incandescent  carbon  particles  are  at  a  temperature  of 
at  least  1800°,  which  fact,  taken  in  connection  with  the  experi- 
ments on  the  variation  of  emissivity  with  thickness  and  the  com- 
parison with  the  Nemst  glower  just  described,  seems  sufficient 
evidence  that  the  selective  emission  in  the  acetylene  flame  can 
be  explained  on  a  purely  thermal  basis,  without  invoking  the 
hypothetical  and  unproven  assumption  of  the  presence  of 
"luminescence." 

6.  SUMMARY 

The  present  investigation  of  the  acetylene  flame  had  for  its 
main  object  the  exact  determination  of  the  emissivity  and  absorp- 
tivity in  the  visible  part  of  the  spectrum.  This  has  required  a 
special  equipment  of  spectroradiometric  apparatus  and  gas  gene- 

"  Coblentz,  Phys.  Rev.,  89,  p.  561;  1909. 
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rators.  The  present  results  show  that  the  earlier  spectrophoto- 
metric  data  was  misinterpreted;  that  the  peculiar  change  in  cur- 
vature in  the  spectrophotometric  ratios  at  .72/A  is  not  due  to  a 
true  emission  band  but  is  due  to  a  rapid  increase  in  the  trans- 
parency of  the  flame  in  the  region  of  .7;^  to  .S/i.  The  various 
etudes  herewith  presented  show  no  selective  emission  at  .7;^  in 
the  sense  of  a  true  emission  band  or  protuberance,  rising  sharply 
above  the  general  trend  of  the  spectral  energy  curve  and  merging 
into  the  latter  at  near-by  regions — ^for  example,  at  .67/*  and  .73/*. 
The  acetylene  flame  has  a  band  of  selective  absorption  (hence 
also  of  emission)  extending  throughout  the  visible  spectrum  with 
a  maximum  at  about  .6ft.  This  absorption  becomes  more  uniform 
beyond  .75^,  at  which  point  there  is  a  rather  sharp  turn  in  the 
absorptivity  curve.  This  produces  a  much  straighter  spectral 
energy  curve  in  the  visible  than  obtains  in  carbon  and  metal 
filaments,  and  also  results  in  a  greater  deficiency  in  the  radiation 
in  the  infra-red.  This  is  diflBcult  to  show  in  the  spectral  energy 
curve  of  acetylene,  but  is  emphasized  by  taking  ratios  of  emissi- 
vities  by  comparison  with  a  radiator,  which  is  more  nearly  like 
a  black  body.  This  procedure  brings  out  small  changes  in  cur- 
vature in  a  maimer  similar  to  the  magnification  of  transformation 
points  in  cooling  curves  of  a  substance  by  using  two  thermo- 
couples, the  one  of  which  is  imbedded  in  a  substance  not  having 
such  transformation  points.  The  method  of  taking  ratios  there- 
fore commends  itself  in  searching  for  a  selective  emission  in^the 
visible  spectnmi  of  low  temperature  flames. 

IV.  SELECTIVE  EMISSION  OF  THE  WELSBACH  MANTLE 

1.  HISTORICAL 

It  is  beyond  the  scope  of  the  present  paper  to  give  a  complete 
account  of  the  various  experiments  that  have  been  made  to  ex- 
plain the  selective  emission  of  the  gas  mantle  perfected  by  Auer 
von  Welsbach.  A  fairly  complete  account  may  be  found  in  a 
recent  paper  by  Fulweiler.** 

'*  The  Theory  of  Flame  and  Incandescent  Mantle  Luminosity  by  Fulweiler.     Trans. 
lUtmi.  Eng.  Soc.,  4,  p.  65,  1909;  The  Illuminating  Engineer  (London),  2;  1909. 
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That  many  of  these  experiments  have  been  misdirected  is 
evident;  and  it  is  equally  true  that  the  results  obtained  often 
seem  to  be  seriously  misquoted  by  subsequent  writers.  In  view 
of  the  fact  that  even  as  late  as  the  year  1 895  the  properties  of  the 
radiation  from  a  uniformly  heated  enclosiu'e  were  none  too  well 
understood,  the  experiments  of  St.  John  on  the  selective  emission 
oxides  **  were  novel.  Two  years  prior  to  his  work  VioUe  ^  exam- 
ined various  oxides,  heated  to  incandescence  in  a  imiformly  heated 
enclosure,  and  foimd  that  they  all  appeared  at  the  same  bright- 
ness, following  Kirchoff's  law.  In  the  same  manner  Bunte*' 
heated  various  oxides,  including  cerium  and  thorium,  to  2000®  in 
an  electric  furnace  and  fotmd  no  special  emissivity.  In  St.  John's 
experiments  the  oxides  were  also  heated  in  a  fiunace  and  after 
reaching  a  thermal  equilibrium  he  observed  their  true  emissive 
properties  by  introducing  quickly,  through  the  observing  window, 
a  cool  porcelain  tube  at  the  end  of  which  he  could  observe  simul- 
taneously his  platiniun  comparison  standard  and  the  oxide.  Since 
he  received  radiation  only  from  the  platinimi  and  from  the  oxide 
and  nothing  from  the  enclosure,  the  black  body  effect  was  elimi- 
nated and  he  could  observe  their  true  emissive  properties  at  known 
temperatures  measured  by  the  furnace. 

In  the  experiments  of  Le  Chatelier  and  Boudouard^  they 
compared  the  brightness  of  different  spectral  regions  of  various 
oxides  which  they  heated  in  a  btmsen  flame.  To  measure  the 
temperatures  they  covered  a  thermojtmction  with  the  oxide  tmder 
examination.  They  concluded  that  the  Auer  mantle  emits  no 
more  than  a  black  body,  at  the  same  temperature,  and  that  the 
high  emissivity  in  the  visible  is  due  to  the  coloring  matter,  cerium 
oxide,  which  is  added  to  tlie  thorium  oxide. 

Nemst  and  Bose**  made  a  spectrophotometric  comparison  of 
the  light  from  the  Welsbach  mantle  with  an  incandescent  lamp 
which  was  operated  at  different  temperatiu-es.     They  showed  that 

^St.  John,  Ann.  der  Phys.  (8)  56,  p.  433;  1895. 

"Violle,  Compt.  Rend.,  117,  p.  33;  1893. 

^^Biinte,  Bull.  Soc.  Franc,  Paris,  114,  p.  2;  1898. 

^  Le  Chatelier  and  Boudouard,  Compt.  Rend.,  126,  p.  1861;  Z898. 

''Nemst  and  Bo8e,  Phys.  Zs.,  1,  p.  389;  1900. 
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the  emissivity  is  low  in  the  red,  which  imparts  the  greenish  tint 
to  the  emitted  light.  In  order  to  show  that  the  flame  gases  have 
no  influence  on  the  light  emission  they  formed  the  material,  com- 
posing the  Welsbach  mantle,  into  a  thin  rod  which  they  heated  to 
the  same  temperatm-e  either  in  an  oxyhydrogen  flame  or  by  means 
of  an  electric  current.  For  thin  threads  of  the  material  the  ratios 
of  the  emissivities  was  practically  constant  throughout  the  visible 
spectrum.  But  for  thick  rods  the  ratios  varied,  which  they 
explained  by  the  fact  that  in  the  flame  the  rod  is  heated  from 
without,  while  the  electric  cifrrent  heats  the  rod  from  within. 
Unfortimately  no  spectrophotometric  comparisons  were  made  of 
the  Auer  mantle  with  the  heated  rod,  which,  as  will  be  noticed  in 
the  work  to  be  described  presently,  are  decidedly  different  in  their 
emissivities.  Furthermore,  no  mention  is  made  of  the  marked 
yellowish-green  color  which  appears  on  warming  the  homogeneous 
rod  of  the  mantle  constituents. 

In  the  aforecited  papers  the  general  conclusion  arrived  at  was 
that  the  high  light  emissivity  of  the  Welsbach  mantle  is  due  to  the 
finely  divided  particles  of  ceriiun  oxide  which  are  held  in  suspen- 
sion, or  perhaps  in  solid  solution,  in  the  thorium  oxide.  Since 
the  cerium  oxide  has  a  high  absorption  for  wave  lengths  shorter 
than  the  yellow,  which  would  produce  a  high  emissivity  throughout 
this  whole  region,  this  is  not  an  unreasonable  conclusion.  How- 
ever, arguments  have  been  presented  to  support  the  view  that 
catalysis  ^^  in  the  gas  flame  causes  a  localized  and  more  rapid  com- 
bustion, and  therefore  causes  a  higher  temperatiu'e  than  would  be 
possible  in  the  mantle  of  pure  oxide.  Here  the  catalytic  action  is 
supposed  to  be  something  similar  to  that  of  a  jet  of  gas  impinging 
upon  a  piece  of  hot  platinum,  which  is  then  heated  to  a  higher 
temperature  by  the  unignited  gas.  In  the  mantle  the  most  eflficient 
mixture  is  about  99  per  cent  thoriiun  oxide  and  i  per  cent  of 
ceritun  oxide,  and  it  is  not  clear  why  this  particular  ratio  should 
be  most  efficient  for  the  catalytic  action.  On  the  other  hand,  this 
optimum  ratio  makes  the  explanation  tenable  on  the  emissivity 
basis ;  for  when  the  proportional  part  of  ceria  falls  below  the  above 

^  Lewes,  Chem.  News,  91,  p.  6a;  1905.    Swinton,  Proc.  Roy.  Soc.  I/md.  A,  66, 
p.  115. 
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amotint  the  absorption,  and  hence  the  emission,  would  not  be  so 
complete  in  the  region  of  the  blue  and  the  green,  while  if  the  per 
cent  of  ceiia  exceeds  this  optimmn  value  the  emissivity  in  the  long 
waves  becomes  more  prominent,  as  has  been  shown  by  experiment. 
Simply  increasing  the  thickness  of  the  radiating  layer  should  have 
this  same  effect  (if  this  is  the  true  explanation  of  the  observations) , 
as  shown  in  the  experimental  part  of  the  present  paper.  If  cata- 
lytic action  has  any  marked  effect,  locally,  in  raising  the  tempera- 
tiu'e  of  the  oxides  then  the  mean  temperature  of  the  flame  should 
be  increased.  This  is  contradicted  by  the  experiments  of  White 
and  Travers  '*  who  showed  that  the  thoria-ceria  mantle  is  at  a  lower 
temperature  than  a  mantle  of  pure  thoria,  and  that  in  general  the 
mantles  were  about  130®  C  below  the  temperatiu'e  of  the  flame. 
Previous  experiments  on  the  spectral  energy  distribution  of  the 
Welsbach  mantle,  of  interest  in  the  present  work,  were  made  by 
Rubens  "  who  showed  that  in  the  region  of  i  ft  to  5/*  there  is  but 
little  energy  emitted,  while  in  the  green  and  yellow  the  spectral 
energy  curve  corresponds  closely  with  that  of  a  black  body  at 
1800  Abs. 

2.  THE  VISIBLE  SPECTRUM 

The  strong  selective  emission  in  the  visible  spectrum  of  the 
Welsbach  mantle  is  well  known  from  previous  spectrophotometric 
comparisons  and  from  the  recent  spectroradiometric  work  of  Ru- 
bens just  quoted.  The  applicability  of  the  mantle  as  a  standard 
of  radiation  will  require  an  extensive  investigation  of  various 
mixtures  of  thormm  and  cerium.  Even  after  specifying  the  rela- 
tive proportions  of  the  oxides  used,  the  rate  of  gas  constunption, 
etc.,  it  does  not  appear,  without  further  investigation,  that  condi- 
tions can  be  repeated  with  sufficient  acciu'acy,  so  that  it  will  prob- 
ably be  necessary  to  determine  the  spectral  energy  ciu^e  of  a 
sample  of  each  lot  of  mantles  manufactured. 

The  peculiar  energy  distribution  in  the  visible  spectnun  of  the 
Welsbach  mantle  (of  unknown  composition)  is  illustrated  in  Fig. 
10.  The  strong  selective  emission  in  the  yellow-green,  and  the 
weakness  of  the  radiation  in  the  red  (.70^1)  is  very  marked.     The 

'^  White  and  Travers,  Jour.  Soc.  Chem.  Ind.,  15,  p.  1012;  1902. 
"^  Rubens,  Ann.  der  Phys.  (4)  18,  p.  725,  1905;  20,  p.  593;  1906. 
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low  emission  in  the  red  continues  so  throughout  the  infra-red. 
There  is  no  marked  maximum  in  the  region  of  1,211  to  i-S^tas  was 
supposed  to  be  the  case  from  the  measurements  made  by  Lummer 
and  Pringsheim  (Zs.  fiir  Beleuchtungswesen,  vol.  10).  It  will  be 
an  interesting  problem  to  determine  the  variation  in  the  energy 
distribution  in  the  visible  spectrum  with  variation  in  the  amount 
of  cerium  oxide  used  in  the  mantle. 
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Fig.  10 
3.  COMPARISON  OF  GAS  MANTLE  WITH  A  SOLID  GLOWER 

The  oxides  are  well  adapted  to  the  investigation  of  the  variation 
in  emissivity  with  the  thickness  of  the  radiating  layer  of  the  sub- 
stance. 

In  a  previous  paper,  the  writer  **  gave  the  emission  spectrum 
of  a  glower  composed  of  99  per  cent  thorium  oxide  and  i  per 

»  This  Bulletin,  6,  p.  318;  1909. 
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cent  cerium  oxide,  which  are  closely  the  constituents  of  the  Wels- 
bach  mantle.  To  verify  these  observations  and  to  obtain  quan- 
titative data,  the  investigation  was  imdertaken  anew.  The 
material  used  was  obtained  from  new  Welsbach  mantles,  which 
were  ignited,  to  remove  the  organic  matter,  and  the  fine  powdered 
oxides  were  squirted  into  glowers,  which  were  then  roasted  in  the 
same  manner  as  is  done  with  the  commercial  Nemst  glower.  This 
work  was  very  kindly  performed  by  the  Westinghouse  Nemst 
Lamp  Company.  Duplicate  mantles  were  kept  for  the  experi- 
ments on  the  spectral  energy  distribution  of  the  mantle  itself. 

For  the  experiments  on  the  gas  mantle  material  (thoria  ceria 
mixtiu'e)  used  as  a  glower,  the  soUd  rods  were  made  into  suitable 
lengths  (12  mm  long  between  the  terminals  and  0.77  mm  diameter) 
and  provided  with  platinimi  terminals.  They  were  operated  on 
the  secondary  of  a  transformer  as  in  the  previous  work  on  the 
radiation  from  electrically  heated  oxides. 

In  order  to  have  some  rational  basis  for  comparison,  the  glower 
was  placed  a  short  distance  before  the  gas  mantle  (at  a  sufficient 
distance  so  that  its  conductivity  was  not  affected  by  the  mantle 
radiation)  and  the  temperature  of  the  glower  was  varied  until  it 
showed  the  same  color  as  the  hottest  part  of  the  mantle  when 
viewed  through  monochromatic  red,  green,  or  blue  glass.  This 
caUbration  was  done  by  two  observers,  and  in  three  ways,  to  elimi- 
nate the  eflfect  of  the  structiu'e  of  the  mantle.  In  the  first  cali- 
bration (which  consisted  in  noting  the  current  and  voltage  in  the 
primary  of  the  transformer  which  was  necessary  to  heat  the 
glower  to  a  certain  temperatiu'e)  the  glower  was  brought  in  line 
with  the  vertical  edge  of  the  mantle,  which  avoided  sighting  on 
the  open  spaces  in  the  mantle.  In  the  second  series,  the  observer 
stood  at  a  great  distance  so  that  the  eye  could  not  distinguish  the 
structure  of  the  mantle.  In  the  third  caUbration  a  metal  screen 
was  placed  between  the  observer  and  the  glower.  The  screen 
contained  an  opening  of  such  a  size  as  to  cut  off  the  view  of  the 
glower  terminals.  The  three  series  of  calibrations  were  in  excel- 
lent agreement,  as  was  also  the  various  settings  for  intensity  match 
by  tlie  two  observers.  The  emissivity  of  the  mantle  in  the  red  is 
so  much  less  than  that  of  the  identical  material  when  squirted 
into  a  solid  homogeneous  rod  that  an  energy  input  of  22  watts 
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sufficed  to  bring  the  glower  to  the  same  emissivity  as  the  mantles 
m  the  red,  while  24  watts  were  required  to  obtain  the  same  emis- 
sivity as  the  mantle  in  the  green.  This  low  emissivity  in  the  red 
of  the  Welsbach  mantle  is  illustrated  in  Fig.  10.  The  maximimi 
at  ,66fi  varies  with  the  composition  of  the  mantle.  The  infra-red 
spectral  energy  curves  were  obtained  with  a  fluorite  prism  and  a 
vacuum  bolometer.  The  problem  consisted  in  observing  the  spec- 
tral energy  curve  of  (the  hottest  part  of)  the  Welsbach  mantle 
heated  by  the  usual  gas  burner.  The  mantle  was  then  removed, 
the  electrically  heated  glower  was  placed  before  the  spectrometer 
slit  and  two  series  of  spectral  energy  curves  of  the  latter  were 
obtained,  the  one  series  being  for  the  same  emissivity  as  the 
mantle  in  the  red,  and  the  second  being  for  the  same  emissivity  in 
the  green. 

The  remarkable  difference  in  the  spectral  energy  distribution 
in  the  Welsbach  gas  mantle  and  the  same  material  when  operated 
as  a  solid  glower  is  shown  in  Fig.  1 1 .  Curve  c  gives  the  spectral 
energy  of  the  Welsbach  gas  mantle  used  without  the  glass  chim- 
ney. The  emission  bands  at  2.8ft  and  4.4/A  are  due  to  the  heated 
water  vapor  and  CO,  which  are  the  products  of  combustion  of  a 
btmsen  flame.  The  radiation  from  the  mantle  itself  at  3/*  cor- 
responds somewhat  with  the  dotted  lines,  curve  c,  which  is  essen- 
tially the  same  as  previously  observed  by  Rubens.  Curve  a 
gives  the  spectral  energy  distribution  of  the  glower  when  operated 
on  24  watts  (46  volts  at  terminals;  .52  amp)  which  gave  the  same 
emissivity  as  the  mantle  in  the  green.  Curve  b  shows  the  energy 
distribution  of  the  same  glower  when  operated  on  22  watts  (55 
volts;  .40  amp)  which  was  the  energy  input  required  to  give 
the  same  emissivity  as  the  gas  mantle,  in  the  red. 

The  relative  areas,  as  found  with  a  planimeter,  are:  a=ii8 
units,  6  =  55,  c=  14  (c  =  8.5  imits  by  omitting  the  emission  bands). 
From  this  it  appears  that  the  solid  glower  emits  about  8.5  times 
(a-^c)  as  much  energy  as  the  gas  mantle  in  order  to  attain  the 
same  emissivity  in  the  green.  Of  course,  the  glower  emits  the 
more  "light.**  (The  relative  areas  are:  a  =  .5  and  of  c  =  .2  unit 
in  the  "visible  spectrum.**)  But  it  is  of  a  quality  that  is  of  Jittle 
use  in  high  efficiency  illiunination.  To  the  eye  such  a  glower 
appears  a  low  red.     It  was  therefore  of  interest  to  compare  the 
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mantle  material  in  the  form  of  the  solid  rod  with  a  regular  Nemst 
glower,  which  is  composed  of  zirconiinn  and  yttrium  oxides.    The 
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Nemst  glower  used  was  the  D.  C.  type,  which  was  operated  on 
103  volts,  0.62  amp  (64  watts)  in  order  to  obtain  the  same  energy 
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curve  in  the  visible  spectnim  as  a  tungsten  lamp  operated  on  1.2 
w.  p.  m.  h.  c. — See  Fig.  14.  Viewed  through  either  red,  green, 
or  blue  glass,  the  regular  Nemst  glower  and  the  rod  of  mantle 
material  showed  no  marked  difference  in  their  emission.  The  rod 
of  mantle  material  was  therefore  brought  to  the  same  emissivity 
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a     WELSBACH  MATERIAL  (SOUO  GLOWER) 
h      NERNST  GLOWER 

Fig.  12 


as  the  Nemst  glower,  using  red  glass  for  the  viewing  screen.  In 
making  the  equal  emissivity  setting  the  same  results  were  obtained 
by  viewing  the  two  glowers  placed  side  by  side  or  so  placed  in  the 
line  of  sight  that  they  slightly  overlapped. 
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The  spectral  energy  curve  of  the  Nemst  glower,  on  practically 
normal  operation  (103  volts,  D.  C;  .62  amp)  is  shown  in  curve  6, 
Fig.  12.  The  wave  length  of  maximum  emission  lies  at  about 
X=i.3/A.  The  spectral  energy  of  the  mantle  material  is  shown 
in  curve  a.  The  energy  input  for  the  same  emissivity  as  the 
Nemst  glower  was  56  watts  (22  volts  at  terminals;  2.55  amp). 
Curve  c  is  curve  a  of  Fig.  1 1  drawn  to  the  same  scale.  The  maxi- 
mum emission  lies  at  1.7/A.  The  realtive  areas  of  these  curves  are: 
a  =  78,  6  -=  64,  and  c  =  1 2  imits.  On  a  subsequent  page  it  is  shown 
that  from  the  spectral  energy  curves  of  a  Nernst  glower  and  a 
tungsten  lamp  (the  latter  operated  on  i  .2  w.  p.  m.  h.  c.) ,  set  to  the 
same  emissivity  in  the  visible  spectnmi,  the  Nemst  glower  is 
operating  on  about  2  w.  p.  m.  h.  c.  No  exact  comparison  can  be 
made  with  the  gas  mantle  because  the  quality  of  its  light  is  so 
different  in  the  red.  The  illustrations,  however,  show  the  great 
advantage  which  the  mantle  has  over  the  thick  glower  of  the  same 
material.  The  latter  must  be  heated  to  a  much  higher  tempera- 
ture to  attain  a  Ituninous  efficiency  comparable  with  that  of  the 
gas  mantle.  It  is  to  be  noted,  however,  that  in  commercial 
operation  the  luminotis  efficiencies  of  the  Welsbach  mantle,  the 
Nemst  glower,  and  the  tungsten  filament  are  not  markedly  dif- 
ferent, being  of  the  order  of  3  to  5  per  cent  of  the  total  energy 
radiated.  It  may  be  noted  that  while  the  gas  mantle  has  a 
higher  luminous  efficiency  than  a  solid  rod  of  the  same  material 
and  also  more  efficient  than  a  Nernst  glower  set  to  the  same 
emissivity,  the  latter  is  the  more  efficienct  of  these  two  kinds 
of  glowers. 

The  Welsbach  mantle  consists  essentially  of  a  woven  framework 
of  the  piurest  cotton  thread  which  has  been  boiled  in  potash  to 
remove  the  silica.  On  ignition  there  is  practically  no  ash.  This 
cotton  framework  is  impregnated  with  a  solution  of  the  nitrates  of 
cerium  and  thorium  and  the  cotton  is  removed  by  ignition. 
Thorium  nitrate  when  heated  expands  into  thin-walled  tubes  of 
considerable  strength.  This  property,  in  addition  to  the  removal 
of  the  numerous  filaments  composing  the  cotton  threads,  leaves 
the  finished  mantle  of  these  oxides  in  an  extremely  porous  state, 
which  permits  the  particles  to  easily  assume  the  temperature  of 
the  flame.  Thorium  oxide  being  white  in  color  can  emit  but  little 
71 132 '^ — II 10 
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in  the  visible  spectrum.  Cerium  oxide  is  a  rich  yellow,  absorbing 
all  the  violet,  the  blue,  and  into  the  green,  and  hence  must  emit  the 
most  energy  in  this  region  of  the  visible  spectnmi.  If  the  thick- 
ness of  the  radiating  layer  of  cerium  oxide  is  small,  then  the  effect 
of  the  selective  emission  is  not  noticeable  in  the  spectral  energy 
curve.  If  the  thickness  of  the  radiating  layer  is  larger,  the  band 
of  selective  emission  extends  farther  into  the  infra-red,  and  the 
jBame  temperature  is  lowered.  In  the  mantle  material,  in  the 
form  of  a  solid  rod,  this  excessive  radiation  is  very  apparent.  For 
use  in  the  bunsen  flame,  the  Welsbach  mantle  of  thoria  and  ceria 
in  the  ratio  of  about  99  to  i  seems  to  be  the  proper  proportion  for 
the  most  efficient  illumination.  When  concentrated  into  a  solid 
rod  the  low  temperature  of  the  flame  and  the  rate  of  gas  supplied 
is  not  sufficient  to  produce  a  satisfactory  light,  and,  as  noticed  in 
the  present  illustrations,  the  temperature  must  be  raised  to  that 
of  the  Nemst  glower — 2000°  C — to  produce  an  efficient  illuminant. 
The  specific  emissivity  is  of  course  entirely  different  in  the  two 
cases,  although  their  luminous  efficiencies  are  not  markedly 
different. 

In  conclusion  it  may  be  added  that,  while  it  is  highly  probable 
that  the  radiation  from  the  Welsbach  mantle  is  purely  thermal,  the 
problem  being  chiefly  one  of  thickness  of  the  radiating  layer  (con- 
centration of  the  ceria  particles) ,  as  illustrated  in  the  present  experi- 
ments, the  question  of  the  physical  structure  of  the  cerium  oxide 
at  high  temperatiu"es  needs  further  consideration.  In  this  con- 
nection, several  observations  may  be  recorded  of  the  influence  of 
temperature  on  the  color  of  pigments. 

It  is  a  familiar  fact  that  zinc  oxide,  which  is  perfectly  white  at 
room  temperature,  becomes  a  rich  yellowish-green  when  heated 
above  400°.  This  change  in  its  pigment  color  is  due  to  a  broad- 
ening of  its  absorption  band  from  the  ultra-violet  into  the  visible 
spectrum.  Cerium  oxide  has  this  same  property  to  a  very  marked 
degree.  This  was  first  observed  in  the  glower  of  the  mantle 
material. 

It  was  fotmd  that  the  solid  rods  of  the  Welsbach  mantle  mate- 
rial, used  in  the  present  experiments,  emit  (reflect)  a  yellowish 
green  light  when  warmed  to  400®  to  500®,  the  color  of  the  cold 
rod  being  white.     The  powdered  mantle  material  does  not  show 
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this  eflfect  to  a  marked  extent.  Thinking  that  this  change  in 
color  might  be  due  to  some  impurity  in  these  particular  rods,  the 
glowers  made  directly  from  the  pure  thoria  and  ceria,  described  in 
a  previous  paper,  were  examined  and  fotmd  to  exhibit  this  same 
property.  Finally,  the  pure  cerium  oxide  was  examined.  In 
spite  of  its  rich  yellow  color,  which  made  observation  difficult,  it 
tinned  to  a  decidedly  yellowish-brown  on  warming.  Other  yel- 
lowish oxides,  such  as  yttria,  do  not  show  this  property  (to  a 
marked  degree),  which  seems  to  belong  to  only  certain  sub- 
stances. However,  this  is  not  a  property  of  colored  oxides,  as 
shown  by  the  behavior  of  zinc  oxide,  already  cited,  which  at  room 
temperatures  is  a  pure  white  but  which  changes  to  a  rich  yellow 
or  yellowish-green  when  heated  above  400°  to  500®.  It  is  to  be 
noted,  however,  that  this  is  not  a  true  light  emission,  such  as 
obtains  in  the  thermoluminescent  fluorites  (e.  g. ,  chlorophane)  as 
may  be  easUy  shown  by  wanning  these  oxides  in  a  dark  room,  but 
is  due  to  a  change  in  the  absorption  of  the  incident  white  light 
and  hence  a  change  in  the  pigment  color  with  change  m  tempera- 
ture. This  may  account,  in  part,  for  the  yellowish  color  often 
observable  in  street  gas  mantles  when  burning  low  in  the  day- 
time. In  cerium  oxide  there  seems  to  be  merely  a  broadening  of 
the  absorption  band,  toward  the  red,  with  rise  in  temperature, 
and  the  interesting  question  is  the  magnitude  of  the  eflfect  of  this 
temperatiure  coefficient  of  absorption  upon  the  emission  of  the 
gas  mantle  in  the  visible  spectrum.  If  this  change  m  absorp- 
tion contributes  (in  emission)  to  more  than  the  visible  spectrum 
then  some  other  yellow  oxide,  e.  g.,  yttria,  might  be  equally 
eflScient.  In  this  connection  an  investigation  of  the  variation  of 
the  color  of  pigments  with  temperature  might  be  useful. 

The  broadening  of  the  absorption  band  in  cerium  oxide  is 
similar  to  the  previous  observations  on  the  broadening  of  the 
infra-red  emission  bands  of  the  Nemst  glower,  with  rise  in  tem- 
peratiure. Heretofore  this  change  in  emissivity ,  due  to  a  broaden- 
ing of  the  absorption  band  of  cerium  oxide  (and  hence  a  change  in 
its  pigment  color) ,  seems  to  have  been  overlooked.  It  seems  evi- 
dent that  this  broadening  of  the  absorption  (hence  emission) 
band  will  contribute  more  to  the  emissivity  in  the  visible  spec- 
trum  than  would   a  similarly  colored  substance  in  which  the 
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absorption  band  does  not  have  such  a  large  temperature  coeffi- 
cient. Hence  the  luminous  efficiency  of  the  Welsbach  mantle  is 
higher  than  it  would  be  if  the  cerium  oxide  did  not  have  the  prop- 
erty of  a  change  in  pigment  color,  hence  in  its  emissivity,  with  rise 
in  temperature. 

The  facts  just  quoted,  taken  with  the  present  experiments, 
seem  to  place  the  radiation  of  the  Welsbach  mantle  on  a  purely 
thermal  basis  and  renders  it  imnecessary  to  introduce  the  highly 
improbable  hypothetical  assumption  of  a  catalytic  action  to 
account  for  the  high  light  emissivity  of  the  gas  mantle.  At  the 
most,  the  effect  of  catal)rtic  action  is  to  raise  the  temperature  of 
the  gas,  but  it  can  hardly  aflfect  the  spectral  energy  distribu- 
tion. On  the  other  hand,  the  thickness  of  the  radiating  layer 
(and  perhaps  the  concentration  of  the  cerium  particles)  has  a  very 
marked  effect  on  the  spectral  energy  distribution.  In  this  con- 
nection it  would  be  desirable  to  find  the  variation  in  emissivity 
of  a  given  thickness  of  a  solid  rod  in  which  the  concentration  of 
the  cerium  oxide  is  varied  to  compare  with  similar  data  on  the 
mantle. 

In  connection  with  the  foregoing  experiments  it  is  of  course 
desirable  to  obtain  quantitative  data  on  the  emissivity  of  some 
(pure)  oxides  with  thickness.  For  this  purpose  samples  of  the 
same  kind  of  glower  material,  squirted  into  rods  varying  from  0.2 
mm  to  3  mm  in  diameter  have  been  prepared  imder  standard  con- 
ditions, and  it  is  hoped  that  it  will  be  possible  to  gain  data  on  this 
question  in  the  near  future.  These  glowers  also  show  a  change 
in  absorptivity  (change  in  pigment  color)  on  warming,  but  it  is  not 
so  marked  as  in  the  glower  of  Welsbach  mantle  material.  The 
pigment  color  is  brownish,  the  color  of  the  yttrium  oxide,  used  in 
the  glower,  being  a  rich  buff  color,  thus  differing  from  the  cerium 
oxide,  which  is  a  rich  lemon  tint.  In  previous  commimications 
attention  was  called  to  the  fact  that  in  metals  the  high  light  effi- 
ciency is  due  to  a  high  emissivity  (low  reflectivity)  in  the  visible 
spectrum,  and  a  low  emissivity  (high  reflectivity)  in  the  ultra-red. 
In  nonmetals  the  reflecting  power  is  low,  and  the  absorptivity 
is  not  dependent  upon  surface  conditions  of  the  substance.  The 
emissivity  is  dependent  mainly  upon  the  absorptivity  which  in 
turn  depends  upon  the  thickness  of  the  radiating  layer.     Ideal 
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conditions  would  be  fulfilled  by  a  colored  substance  (e.  g.,  cerium 
oxide)  having  a  low  absorption  coefficient  throughout  the  ultra- 
red,  at  low  temperatures,  but  in  which  the  absorption  in  the 
visible  spectrum  has  a  high  temperature  coefficient  (as  well  as 
broadening  of  the  absorption  band,  noticeable  by  a  change  in  pig- 
ment color),  so  that  at  high  temperatures  the  emissivity  has 
increased  enormously  in  the  visible  spectrum  with  only  a  moderate 
increase  in  the  emissivity  in  the  infra-red.  This  condition  is 
partly  fulfilled  by  the  finely  divided  cerium  oxide  in  the  Welsbach 
mantle,  but  this  condition  is  not  fulfilled  in  the  thick  glower.  This 
condition  is  partly  fulfilled  in  thick  layers  of  perfectly  transparent 
substances,  such  as  quartz,  oligoclase,  and  alumintmi  oxide  de- 
scribed in  previous  communications.  In  this  case  it  was  noticed 
that  at  low  temperatures  the  spectral  energy  ctirves  of  these  sub- 
stances showed  but  little  radiation  at  1.5/*  to  2/i;  but  at  high  tem- 
peratitfes  the  region  in  the  visible  spectrum  to  1.5/i  in  the  infra-red 
was  suddenly  filled  up  by  a  strong  emission  band.  The  aluminum 
oxide  was  the  most  remarkable  of  all,  with  an  ahnost  entire 
absence  of  radiation  in  the  region  of  3/A  and  with  but  a  small 
emission  in  the  region  of  1.5/i  where  other  substances,  emitting  a 
similar  intense  white  light,  have  a  strong  emission  band.  Unfor- 
timately  the  melting  points  of  these  substances  are  too  low  to 
make  them  useful  illummants. 

V.  MISCELLANEOUS  SUBSTANCES 
1.  EMISSION  OF  ARC  OF  NERNST  GLOWER  MATERIALS 

In  the  preceding  experiments  on  the  Welsbach  mantle  material 
used  as  a  solid  glower  the  rod  broke,  thus  forming  a  high  potential 
arc.  Aside  from  a  general  increase  in  the  spectral  energy  due  to 
the  radiation  from  the  hot  electrodes  there  seemed  to  be  nothing 
unusual  in  the  emissivity  curve.  The  energy  input  remained 
practically  unchanged. 

In  view  of  the  fact  that  the  radiation  curve  of  the  glower  consists 
of  emission  bands  which  merge  into  a  continuous  spectrum,  at 
high  temperatures,  it  was  of  interest  to  determine  whether  these 
emission  bands  are  observable  in  the  vapors  formed  in  the  arc  of 
these  oxides.  For  this  purpose  an  ordinary  Nemst  glower,  which 
was  broken  through  the  center,  was  used.     It  was  attached  to  the 
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secondary  (2cxx>  volts)  of  a  transformer  and  started  by  placing 
the  two  parts  in  contact  and  by  heating  them  externally.  After 
the  glower  became  conducting,  the  two  parts  were  separated,  thus 
becoming  an  arc  with  electrodes  of  glower  material.  These  elec- 
trodes were  separated  from  5  mm  to  10  mm  and  an  image  of  the 
arc  vapor,  which  was  a  very  faint  white,  was  projected  upon  the 
spectrobolometer  sUt  by  means  of  a  short-focus  mirror. 

The  results  obtained  were  entirely  negative.  Although  the 
sensitivity  of  the  vacuum  bolometer  was  much  higher  than  ordi- 
narily used,  neither  selective  emission  bands  nor  regions  of  con- 
tinuous radiation  could  be  detected  throughout  the  infra-red. 
The  slightest  trace  of  radiation  from  the  hot  electrodes  was  suffi- 
cient to  produce  large  deflections  even  in  the  visible  spectrum. 
The  arc  vapors  were  barely  visible,  and  the  absence  of  emission 
bands  is  probably  to  be  ascribed  to  the  thinness  of  the  radiating 
layer. 

2.  COLOR  MATCH  VBRSUS  SPECTRAL  INTENSITT  MATCH 

In  a  previous  paper  **  experimental  data  was  given  indicating 
the  spectral  range  in  which  there  is  at  the  same  time  a  color  match 
and  a  spectral  intensity  match.  The  importance  of  the  work  is 
evident  from  a  consideration  of  the  well-known  fact  that  the  eye 
is  very  sensitive  to  variations  in  color  (comparisons  in  hetero- 
chromatic  light,  using  an  ordinary  photometer)  but  is  not  so  sensi- 
tive to  variations  in  intensity  (comparisons  in  monochromatic 
light,  using  a  spectrophotometer).  Hence,  in  comparing  two 
widely  different  sources  (e.  g.,  carbon  and  tungsten) ,  the  estimation 
of  a  color  match  may  be  affected  by  the  great  difference  in  emis- 
sivities  of  the  two  soiurces  in  the  deep  red,  and  one  can  not  be 
certain  that  their  spectral  energy  ctuv^es  coincide  over  a  great 
length  of  the  visible  spectrum.  It  was  found  by  Hyde  "  that  on 
a  color  match  the  spectrophotometric  curves  of  tungsten  and  car- 
bon lamps  coincide  within  the  narrow  spectral  region  of  .5/*  to 
.66/A.  In  this  region  it  is  an  extremely  easy  matter  to  make  spec- 
trophotometric measurements.  But  if  the  attempt  is  made  to 
extend  the  spectrophotometric  comparisons  toward  the  red,  it  is 
fotmd  that  abruptly  at  .69/i  to  .70/i  (at  least  for  the  writer's  eyes) 

'^This  Bulletin,  6,  p.  301;  1910. 
"Hyde,  Elect.  World,  55,  p.  1654;  1910. 
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it  is  very  difficult  to  make  an  accurate  intensity  match.  Spectro- 
photometrically  the  region  beyond  .69/i  can  not  be  considered 
"well  within  the  visible  spectrum/*  because  the  eye  is  not  sensi- 
tive enough  for  intensity  comparisons  in  the  deep  red.  But,  as 
already  stated,  the  eye  is  very  sensitive  to  differences  in  color,  and 
the  light  from  .69/i  to  .75/*  mixed  with  the  blue  and  yellow  may 
play  an  important  part  in  the  color  match.  The  object,  therefore, 
of  the  writer's  experiment  was  to  determine  the  magnitude  of  the 
departure  in  intensity  match  beyond  .7/i  when  two  lamps  are  set 
to  a  color  match.  In  the  previous  work  the  spectrobolometric 
meastu^ments  at  .69/i  to  .7/i  were  fraught  with  great  difficulty, 
and  the  observed  difference  in  intensity  match,  amotmting  to  i  to  2 
per  cent  at  .7/i,  would  have  been  given  but  little  weight  if  it  had 
not  been  for  the  more  conclusive  measurements  at  and  beyond 
•75/i,  where  the  intensity  match  was  off  by  more  than  5  per  cent. 
This  is  well  illustrated  in  Figs.  10  and  1 1  of  the  paper  just  quoted.  ** 
The  graph  of  ratios  of  emissivities.  Fig.  11,  is  apparently  a 
straight  line,  at  .5/i  to  2/i,  inclined  to  the  horizontal  axis  and  inter- 
secting it  at  an  imperceptibly  small  angle  in  the  visible  spectnun; 
so  small,  indeed,  that  it  can  not  be  detected  spectrophotometrically 
or  radiometrically.  If  we  do  not  admit  this  to  be  the  case  then 
we  must  assume  that  the  ratio  of  emissivities  is  the  same  through- 
out the  visible  spectrum  to  .75/i,  where  the  graph  changes  suddenly 
from  a  horizontal  to  an  inclined  position^  This  would  necessitate 
the  presence  of  a  strong  selective  emission  in  the  region  of  .7/i  to 
.75/i  (not  unlike  that  which  obtains  in  the  visible  spectrum  of 
incandescent  gold  and  copper),  in  order  to  keep  the  ratios  the 
same  as  at  .5/i  to  .66/i  where  no  difference  in  intensity  could  be 
observed.  Now  the  reflection  curves  of  tungsten  and  carbon*' 
show  no  indentations  (such  as  occtu*  in  copper  at  .5  5/i)  in  the 
region  of  .75/i  from  which  one  can  infer  an  extra  emission  in  this 
region.  The  writer  therefore  concluded  that  the  departure  iir 
intensity  match  already  becomes  perceptible  at  .7/i  as  observed. 
In  one  case  ^  (see  lower  curve,  Fig.  11)  the  intensity  match  seemed 
to  continue  out  to  .8/i,  but  since  the  color  match  was  obtained 
without  special  care  with  an  Ives  colorimeter  no  great  reliance 
was  placed  on  the  observations.     Whether  the  graphs  of  ratios^ 

"•This  Bulletin,  7,  p.  55;  191 1. 
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Fig.  1 1 ,  are  straight  lines  throughout  the  spectnun  will  probably 
depend  upon  the  temperature  (maximum  emission  with  respect 
to  the  reflectivity  etudes)  of  the  filaments.  The  comparison  of 
these  lamps  for  intensity  match  when  on  a  color  match  was  a 
piece  of  pioneering  work  which  has  opened  up  a  field  requiring 
further  investigation.  For  the  first  time  it  gave  us  some  idea, 
however  crude,  of  the  behavior  of  the  eye  in  judging  differences 
in  color,  and  differences  in  intensity,  of  radiation  lying  in  the 
extremes  of  the  visible  spectrum.  But  few  seem  to  reaUze  how 
Umited  the  ''visible  spectrum '»  is  in  comparison  with  the  total 
range  of  frequencies  radiated  by  most  solids.  It  is  therefore 
possible  to  establish  relations,  e.  g.,  color  match,  which  immediately 
become  inapplicable  when  we  extend  our  observations  beyond 
what  we  call  the  visible  spectrum,  especially  beyond  the  region 
of  .5/1A  to  .66/1*. 

The  previous  investigation  arose  from  the  writer's  doubts  as  to 
the  extent  of  the  spectral  region  in  which  there  is  at  the  same  time 
a  color  match  and  an  intensity  match  of  two  substances,  such  as 
carbon  and  tungsten  which  (from  a  consideration  of  their  reflec- 
tivities) must  have  very  different  spectral  energy  curves.  The 
spectroradiometric  apparatus  described  in  the  present  paper  is 
better  adapted  than  that  previously  used  to  solve  the  color 
match  problem  and  hence  further  data  has  been  obtained. 

It  has  always  appeared  to  the  writer  that  in  a  color  match  and 
in  a  spectral  intensity  match,  of  two  sources  having  widely  dif- 
ferent spectral  emissivities,  the  spectral  energy  curves  really 
intersect  at  an  extremely  small  angle  so  that,  extending  over  a 
short  spectral  region,  the  two  curves  appear  to  be  superposed, 
within  the  experimental  errors  of  observation.  The  following 
experiments  give  further  evidence  to  support  this  view. 

The  present  experiments  consisted  in  obtaining  a  spectral 
intensity  match  in  the  visible  spectrum  by  means  of  a  Lummer- 
Brodhtun  spectrophotometer,  with  a  rotating  sector  (sector  station- 
ary and  the  beam  of  Ught  is  rotated)  mentioned  on  a  preceding 
page,  and  comparing  this  with  a  spectral  energy  match  obtained 
radiometrically.  The  two  sources  selected  were  the  Nemst  glower 
and  the  tungsten  lamp.  The  visible  spectrum  was  examined  with 
the  quartz  lens  spectroradiometer,  already  described,  while  the 
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infra-red  was  examined  with  a  large  mirror  spectrometer  and 
vacuum  bolometer.  The  Nemst  glower  was  the  ordinary  D.  C. 
type,  13  mm  long,  i  mm  diameter,  operated  on  no  volts  (at 


.46 


.50  .54  .58  .62  .66  .70  .74  .78  M 

SPECTRAL  ENERGY  OF  NERNST  GLOWER  AND  TUNGSTEN 


Fig.  13 

terminals),  0.67  amp.  (74  watts),  which  is  practically  the  normal 
operation.  The  tungsten  lamp  was  the  ordinary  no- volt  type, 
which  was  operated  on  i  .2  w.  p.  m.  h.  c.     The  tungsten  lamp,  which 
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had  been  carefully  seasoned  for  a  standard  source  of  radiation, 
was  made  the  standard  in  the  spectrophotometric  comparisons. 
The  voltage  of  the  Nemst  glower  was  varied  until  the  same 
photometric  ratios  were  obtained  throughout  the  visible  spectrum 
to  .6gfi,  This  could  be  done  with  an  apparent  accuracy  of  i  per 
cent.  The  spectral  energy  curves  were  then  observed  at  the  volt- 
ages required  for  a  spectrophotometric  match. 

The  prismatic  energy  curves  for  the  visible  speclrmn  are  given  in 
Fig-  13,  the  observations  on  the  Nemst  glower  being  represented 

by  the  dots  ( )  and  those  on  the  timgsten  filament 

by  the  circles  (OOOOOO).  The  galvanometer  deflections  for 
the  Nemst  were  16  times  as  great  as  those  from  the  timgsten  lamp. 
When  the  two  curves  are  superposed  they  coincide  throughout  the 
spectrmn  from  .46/i  to  .66/i,  where  they  begin  to  separate  by  a  small 
amoimt,  not  greater  than  i  per  cent.  At  .68/i  this  lack  of  super- 
position amounts  to  3  p.  c. ;  at  .74/i  it  amoimts  to  4  p.  c. ;  and  at 
.75/i  it  amounts  to  about  5  per  cent.  In  the  extreme  violet  the 
two  ctu-ves  also  show  a  sUght  separation  which  probably  would  not 
be  observable  with  the  spectrophotometer.  Exactly  similar  results 
were  obtained  with  another  glower.  The  main  interest  in  the^resent 
experiment  Ues  in  the  extreme  regions  of  the  ''visible"  spectrum. 
The  results  obtained  verify  the  writer's  previous  conclusion  that, 
in  a  color  match  or  in  a  spectrophotometric  match,  there  is  no 
true  superposition  of  the  spectral  energy  ctu-ves,  but  that  the  two 
curves  intersect  at  an  extremely  small  angle,  so  that  it  is  possible 
to  have  an  apparent  superposition  within  the  narrow  confines 
limited  by  the  maximum  sensibiHty  of  the  eye. 

Curve  c,  Fig.  13,  gives  the  spectral  energy  distribution  of  the 
Nemst  glower  in  the  ultra-violet  and  of  a  second  glower  (xxxx) 
similarly  caUbrated  against  the  tungsten  lamp.  The  spectral 
energy  etudes  of  these  two  glowers  coincide  throughout  the  visible 
spectrmn.  If  properly  seasoned,  the  glowers  promise  to  be  useful 
reference  standards  if  not  put  to  hard  usage.  The  interesting 
point  about  ctu^e  C  is  the  horizontal  part  between  .24/i  and  .34/i, 
which  is  a  measure  of  the  scattered  Ught  in  the  instmment.  This 
scattered  light  is  supposed  to  be  uniform  over  the  whole  field. 
For  wave  lengths  less  than  .2/1  the  deflections  increased  some- 
what.    Whether  this  was  due  to  extraneous  light  or  due  to  radia- 
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tions  of  wave  length  greater  than  50/A,  caused  by  the  anomalous 
dispersion  in  quartz  which  would  refract  the  extremely  long  rays 
into  this  spectral  region  was  not  determined,  the  significance  of 
the  observation  not  being  noticed  at  the  time  when  the  work  was 
done. 


a=TUN£iSTEN  (IJ  W.P.Mi1.C^ 

h-  NERNST  GLOWER     C=GEl/CARBON.  2 J  W.M.H.C. 

Fig.  14 

The  very  marked  difference  m  the  emissivity  of  these  two 
sources,  already  noticeable  in  Fig.  13,  is  illustrated  in  Fig.  14,  in 
which  ciuve  a  gives  the  spectral  energy  distribution  of  the  tung- 
sten lamp  on  1.2  w.  p.  m.  h.  c.  and  curve  b  gives  the  spectral 
energy  of  the  Nemst  when  it  has  the  same  energy  distribution 
as  the  tungsten  lamp  in  the  visible  spectrum — see  Fig.  13.  In  the 
Nemst  glower  curve  the  XNw»«=i.3At  and  in  the  ttmgsten  curve 
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the  XMas=i.22/i.  The  relative  areas  are:  Nemst=66,  tungsten 
37  tmits.  This  would  make  the  glower  about  2  w.  p.  c,  but  with- 
out proper  reduction  factors  this  can  not  be  considered  a  fair 
rating.  The  interest  in  these  curves  Ues  in  the  illustration  of  the 
great  difference  (about  50  per  cent)  in  the  emissivities  to  produce 
the  same  spectral  energy  distribution  in  the  visible  spectrum. 

The  spectral  energy  curve  of  a  "gem"  (graphitized)  carbon 
lamp  on  2.5  w.  p.  m.  h.  c.  is  given  in  curve  c,  Fig.  14.  The  maxi- 
mum emission  is  at  X«a,  =  1.35/4,  which  is  not  very  far  removed 
from  the  Nemst  glower. 

Washington,  November  8,  19 10. 


THE   MEASUREMENT  OF  ELECTRICAL  OSCILLATIONS 

IN   THE  RECEIVING  ANTENNA 


By  L.  W.  Austin 


In  another  article*  it  has  been  shown  that  the  perikon  detector 
can  be  standardized  by  comparing  it  with  a  thermo-element  in  a 
circuit  to  which  it  is  coupled.  If  the  thermo-element  is  calibrated 
so  that  the  numerical  value  of  the  oscillating  ciurents  in  the  second 
circuit  is  known,  then  for  the  given  conditions  of  frequency  and 
coupling  the  perikon  may  be  used  for  quantitative  measurement 
of  very  small  currents  in  the  circuit  to  which  it  is  coupled.  This 
method  has  been  developed  for  use  in  determining  the  mmierical 
value  of  the  currents  in  a  wireless  antenna  when  signals  are  being 
received. 

The  figure  shows  the  connections  used  in  this  laboratory  for  this 
purpose.  Here  A  E  is  the  antemia  circuit,  with  the  inductances  Li 
and  Ls  for  tuning  and  coupling.  Below  the  inductance  Ls  is  a 
tellurium-constantan  thermo-element'  of  15  ohms  resistance  • 
attached  to  a  galvanometer  G^  of  8  ohms  resistance  giving  i  mm 
for  1.810-'  amp.  Between  the  thermo-element  and  earth  a 
variable  air  condenser  C,  of  o.ooi  mf  capacity  may  be  connected 
for  timing  ptuposes  when  the  received  signals  are  of  very  short 
wave  length.  The  detector  circuit  consists  of  an  inductance  L4, 
a  stopping  condenser  K  of  0.04  mf  capacity,  and  the  perikon 
detector  D,  with  its  galvanometer  G,  of  2000  ohms  resistance 
having  a  sensitiveness  1.28  lo-'  amp  per  mm  of  scale  deflection. 

Before  the  measurements  are  begun  the  thermo-element  must 
first  be  calibrated  with  high-frequency  currents  by  comparison  with 

^  This  Bulletin,  0,  p.  530;  1910. 
'  This  Bulletin,  7,  p.  301;  19x1. 
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a  sensitive  hot  wire  ammeter  read  by  mirror  and  scale.*  The 
resistance  of  the  ammeter  used  in  this  experiment  is  15  ohms,  and 
at  I  meter  scale  distance  i  milliampere  gives  an  appreciable 
deflection.  With  the  circuits  connected  as  shown  in  the  figm-e,  the 
antenna  is  tmied  to  the  incoming  signals,  which  for  purposes  of 
measurement  should  preferably  be  long  dashes,  and  the  coupling 
between  Ls  and  L4  adjusted  so  that  the  galvanometer  attached  to 

the  perikon  gives  a  maximum 
deflection.*  When  the  signals 
have  ceased,  the  buzzer-exciter 
circuit  LiCj  is  adjusted  to  reso- 
nance with  the  antenna  circuit 
and  coupled  to  it  just  closely 
enough  so  that  a  readable  deflec- 
tion is  produced  on  the  thermo- 
element galvanometer,  while  a 
large  deflection  is  produced  on 
the  galvanometer  attached  to 
the  perikon.  The  ratio  of  these 
deflections  enables  us  at  once  to 
calculate  the  number  of  micro- 
amperes flowing  in  the  antenna 
corresponding  to  any  given  de- 
flection of  the  galvanometer,  as- 
suming that  the  deflections  are 
proportional  to  the  square  of  the 
current.  The  error  in  this  as- 
sumption can  be  safely  consid- 
ered to  be  less  than  the  errors 
of  observation  due  to  the  fluc- 


-AVVW^ 


Fig.l 


tuations  of  the  incoming  signals  themselves,  provided  the  induct- 
ive reactance  of  the  untimed  circuit  be  kept  less  than  the 
resistance  of  the  detector.*  Still  greater  accuracy  may  be  obtained 
by  adjusting  the  exciter  circuit  used  in  the  comparison  of  the 
thermo-element  and  perikon  to  the  same  decrement  as  that  of  the 

•  Electrical  World,  49,  p.  308,  1907. 

^  The  coupling  is  made  jttst  loose  enough  so  that  the  deflection  begins  to  fall. 

*  Zenneck,  Leitfaden  der  drahtlosen  Telegraphie,  p.  78. 
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sending  station.  This  can  easily  be  done  by  throwing  the  antenna 
out  of  time  while  the  signals  are  being  received,  so  that  the  deflec- 
tions of  the  perikon  galvanometer  are  reduced  to  one-half.  A  fine- 
wire  resistance  R  is  then  introduced  into  the  exciter  circuit  tmtil 
the  same  variation  in  the  tuning  of  the  antenna  reduces  the  deflec- 
tions due  to  the  exciter  to  one-half.  The  exciter  circuit  then  rep- 
resents fully  the  sending  station.  This  method  also  permits  us 
to  determine  directly  the  numerical  value  of  the  decrement  of  the 
incoming  waves.  As  a  matter  of  fact,  the  errors  in  measurement 
of  current  due  to  differences  between  the  damping  of  the  exciter 
and  of  the  sending  station  will  be  small  if  the  decrement  of  the 
exciter  be  set  anywhere  from  0.15  to  0.3,  since  the  variation  in  the 
ratio  of  the  currents  in  the  antenna  and  untuned  detector  circuits 
depends  very  little  on  the  sending  damping  except  when  this  is 
extremely  small. 

If  the  effective  resistance  of  the  receiving  circuit  as  a  whole  be 
known,  the  amotmt  of  the  received  energy  can  be  calctilated, 
thus  giving  an  opportunity  for  experimental  determination  of 
the  ratio  of  radiated  and  received  energy  under  different  circum- 
stances and  at  different  distances. 

The  galvanometer  used  with  the  perikon  is  considerably  more 
sensitive  than  any  telephone,  for  long  dashes  it  gives  about  3 
millimeters  deflection  for  the  weakest  signals  audible  in  the  best 
telephones  in  the  laboratory.  This  makes  it  possible  to  make 
measurements  with  fair  accuracy  on  any  signals  which  are  detect- 
able with  the  ordinary 'receiving  apparatus.* 

In  regard  to  the  accuracy  of  the  method,  of  course  it  must  be 
admitted  that  it  depends  on  two  exterpolation  calibrations,  but 
careful  measin-ements  indicate  that  the  proportionality  of  the 
galvanometer  deflection  and  square  of  the  current  both  in  the  case 
of  the  thermo-element  and  the  perikon  is  quite  perfect  enough  for 
the  present  purpose. 

'  Measurements  on  faint  signals  can  of  couxse  only  be  made  when  atmospheric  dis- 
turbances are  absent. 
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In  the  following  table  are  given  the  data  of  a  number  of  meastire- 
ments  of  signals  received  from  various  stations :  ^ 


Sending  Statton 


Philadelphia  (Navy  Yard) . 

Brant  Rock 

U.  S.  S.  Salem  (at  New 

York) 

U.  S.  S.  Binningham  (at 

sea) 

Washington  (Navy  Yard). . 


Rated 

POWOT 


kw 

3 
60 

10 

10 
2 


Wave 
Lengtba 


m 

750 
3750 

1000 

1000 
900 


mat0 
Dto- 
tattce 


milM 

100 
350 

185 

300 
6 


Poffkon 

I>eflec- 

tlon 


32 
330 

100 


Ratio 
PerUom 

to 
Thenno- 
alemant 


457 
1280 

540 


115         540 
Read  directly 
on  themuH 
element. 


Re- 
ceived 

BJfec. 

ttveRe- 
ceivinc 

rant 

Realit- 

aace 

10-» 

amp 

563 

25 

108 

80 

91 

38 

98.3 

38 

1400 

25 

Re- 
ceived 


lOi 


8 
93.5 

31.5 

36.5 
4900 


1  mm  en  tfaeinuhelement  galvanometer=2l3.10-*  amp  A.  C. 

The  table  is  self-explanatory.  The  higher  land  absorption  is 
well  shown  in  the  cases  of  the  Salem  and  the  Birmingham.  With 
the  same  power  and  approximately  the  same  amount  of  energy 
radiated,  the  Birmingham  delivered  more  energy  at  the  receiving 
station  at  a  distance  of  300  miles  than  the  Salem  at  185,  the  path 
of  the  Salem's  radiation  being  all  the  way  overland,  while  the 
Birmingham's  was  for  more  than  two-thirds  of  the  way  oversea. 

The  Birmingham's  radiated  energy  may  be  calculated  as  follows: 
The  height  of  the  flat  top  antenna  was  approximately  40  meters 
and  the  wave  length  1000  meters;  from  the  Hertz  radiation 
formula  ■ 

R  =  1600—  =  2.57  ohms. 

The  antenna  current  was  33  amperes. 
The  radiated  enery 

-E  =  33' X  2.57=*  2.8  .10*  watts. 


'  All  the  measurements  were  made  during  the  daytime. 
'  See  Rfldenburg,  Ann.  d.  Fhys.,  26,  p.  446;  1908. 
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The  ratio  of  received  to  radiated  energy 

36.5.  iQ-'  .^ 

For  stronger  signals  the  received  energy  may,  of  cotirse,  be 
measured  directly  on  the  thermoelement  in  the  antenna,  the 
perikon  circuit  being  removed  or  coupled  so  loosely  that  no  appre- 
ciable energy  is  taken  up.  By  the  last  arrangement  watch  can 
be  kept  by  means  of  a  telephone  attached  to  the  perikon  to  see 
that  no  station  or  other  disturbance  comes  in  to  affect  the  meas- 
urements. 

By  this  method  the  following  results  were  obtained  from  the 
station  at  the  Washington  Navy  Yard,  6  miles  away: 

Received  current  at  the  Bureau  of  Standards  /=  i  .4  .  io~*  amp. 

High  frequency  resistance  of  receiving  antenna  /?  =  25  ohms. 
The  received  energy  E  =  I'R  =  4.9  .  lo""*  watts. 

The  navy  yard  station,  rated  at  2  K  W,  has  a  wave  length  of 

900  meters  and  its  flat  top  antenna  has  a  height  of  55  meters. 

From  the  radiation  formula,  /?  =«  5.92  ohms.     The  current  in  the 

antenna  diuing  the  experiment  was  13  amp.     Hence  the  radiated 

energy 

£=  I  .  10'  watts. 

The  ratio  of  energy  received  to  that  sent 

4.9  .  10-^  . 

17  =  ^^ J-  =  4.9  .io-» 

I  .  10'       ^  ^ 

This  ratio,  considering  the  short  distance,  is  very  small  and  is 
to  be  explained  by  the  fact  that  the  path  of-  the  waves  lay  prac- 
tically all  the  way  over  the  city  of  Washington. 

U.  S.  Navai,  WiREirEss  TeItEgraphic  Laboratory. 
Washington,  October  i,  igio, 
7 1 132.® — 1 1 1 1 


SOME  EXPERIMENTS  WITH  COUPLED  HIGH 

FREQUENCY  CIRCUITS 


By  L.W.  Auidn 


1.  INTRODUCTION 

Very  little  experimental  data  has  been  given  on  the  relative 
magnitudes  of  the  cmrents  in  coupled  circuits  under  diflFerent 
conditions  of  coupling.  Fischer*  has  shown  that,  when  a  cir- 
cuit containing  a  spark  gap  is  coupled  to  a  second  oscillatory 
circuit  and  this  second  circuit  in  turn  very  loosely  coupled  to  a 
third  circuit  containing  a  thermoelement,  the  cturent  in  the 
third  circuit  shows  a  well-marked  maximum  for  a  given  degree  of 
coupling  between  the  first  and  second  circuits,  the  current  in 
the  third  circuit  decreasing  when  the  coupling  between  the  first 
and  second  is  either  increased  or  decreased  from  this  most  favor- 
able value.  A  very  remarkable  fact  brought  out  in  this  paper  is 
that  for  small  degrees  of  damping  the  best  results  are  to  be 
obtained  when  the  mutual  inductance  between  the  first  and  sec- 
ond circuits  is  extremely  small.  The  reason  for  this  behavior  of 
high-frequency  transformers  with  damped  oscillations  can  be 
easily  qualitatively  explained  by  considering  the  reaction  of  the 
circuit  receiving  the  energy  on  the  circuit  from  which  the  energy 
is  received.  As  the  coupling  between  the  two  is  increased  the 
receiving  circuit  tends  to  draw  a  greater  amount  of  energy  out  of 
the  sending  circuit,  and  hence  acts  as  an  increasing  resistance 
introduced  into  the  sending  circuit,  increasing  its  damping  and 
decreasing  the  amplitude  of  the  oscillations.  It  appears  desir- 
able that  further  quantitative  data  on  this  subject  should  be  given 
and  it  is  with  this  object  that  the  present  work  has  been  taken  up. 

'  C.  Fischer,  Ann.  d.  Phys.,  vol.  22,  p.  265,  1907. 

301 


302 


BuUeiin  of  the  Bureau  of  Standards 


iVcl.  7,  No.  a 


2.  THB  SOURCE  OF  THE  OSCILLATIONS 

For  convenience  in  experimentation  it  was  desired  to  set  up 
the  apparatus  in  a  moderately  small  space,  and  this  precluded 
the  use  of  powerful  spark  apparattis  on  account  of  the  direct 
action  of  the  spark  circuit  on  the  detecting  devices.  Experi- 
ment showed  that  when  feeble  sparks  carrying  only  a  few  milH- 
amperes  were  employed  undesirably  large  dampmg  was  intro- 
duced  into  the  sending  circuit.  The  buzzer  method  of  exciting 
feebly  damped  oscillations  by  the  whip-crack  discharge,*  it  was 
fotmd,  did  not  give  sufficient  energy  for  the  present  purpose. 
Finally  a  satisfactory  form  of  buzzer  circuit*  was  determined  on, 
which  is  shown  in  Fig.  i.     In  this  B  is  a  United  States  Signal 


I 


L, 


www^ 


Hg.  1 

Corps  buzzer  of  the  1905  type  excited  by  two  storage  cells  with 
a  regulating  resistance  and  key  in  series.  The  oscillatory  circuit 
which  is  connected  around  the  break  of  the  buzzer  consisted  of  a 
variable  air  condenser  Cj,  having  a  maximum  capacity  of  0.005 
microfarads  and  an  inductance  Li  of  20  turns  of  No.  20  wire 
woimd  in  a  coil  of  approximately  10  cm  diameter.*  The  value 
of  this  inductance  was  0.062  millihenrys. 

This  circuit,  when  the  buzzer  was  properly  adjusted,  gave  out 
very  feebly  damped  oscillations,  the  logarithmic  decrement,  when 
no  extra  resistance  was  introduced,  being  between  i  and  2  percent. 

'  M.  Wien,  Ann.  d.  Phys.,  25,  p.  625,  1908,  and  L.  W.  Austin, -this  Bulletin,  6,  p. 
149;  1908. 

'  h.  W.  Austin,  this  Bulletin,  6,  p.  528;  1910. 

*  It  is  to  be  understood  that  all  the  inductances  employed  in  the  work  were  wotuid 
in  single  layers. 
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With  a  proper  adjustment  of  the  buzzer,  the  direct  effect  of  the 
spark  on  the  thermoelements  or  other  detectors  used  in  the  cur- 
rent meastirements  can  be  made  negligible;  sometimes,  when  the 
adjustment  is  most  perfect,  amounting  to  less  than  o.oooi  of  the 
total  deflection. 

A  second  form  of  buzzer*  circuit  which,  while  it  gives  less  ener- 
getic  oscillations  and  involves  the  use  of  stronger  coupling  between 
the  circuits,  at  the  same  time  is  easier  of  adjustment,  especially 
for  very  long  wave  lengths,-  is  shown  in  Fig.  2. 


A 


KsmsmJ 


L, 


Fig.  2 


Here  B  is  the  buzzer  driven  by  one  or  more  storage  or  dry  cells 
with  a  regulating  resistance  in  series.  Li  is  an  inductance,  Cj  a 
variable  tuning  condenser,  K  a  fixed  condenser  large  enough  to 
prevent  sparks  at  the  buzzer  contact,  which  would  produce  a  dis- 
turbance in  the  receiving  apparatus.  When  the  current  is  broken, 
the  inertia  of  the  current  in  Li  charges  the  condenser  Cj  and 
feebly  damped  oscillations  are  produced  in  the  circuit  LjCi.  The 
damping  may  be  increased  by  introducing  resistance  in  this 
circuit. 


*  Zenneck,  Leitfaden  der  drahtlosen  Telegraphic,  p.  3. 
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3.  THE  THERMOELEMENTS 

For  a  considerable  portion  of  the  current  measurements  thermo- 
elements were  required.  These  were  constructed  as  follows: 
Two  copper  wires  were  placed  side  by  side  about  3  mm  apart  and 
embedded  in  insulating  material  with  their  ends  protruding  (Fig.  3) . 
To  the  end  of  one  of  these  was  soldered  about  5  mm  of  0.02  mm 
platinum  or  constantan  wire.  To  the  other  was  soldered  a  short 
bit  of  No.  20  platinum  wire,  to  the  emd  of  which  a  bead  of  tellu- 
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rium  had  previously  been  attached  when  the  platinum  was  white 
hot.*  The  end  of  the  fine  wire  was  next  allowed  to  rest  against 
the  tellurium  and  the  two  were  welded  together  electrically  by 
means  of  a  small  induction  coil  with  a  high  resistance  in  series 
with  the  secondary.  The  contact  will  be  less  fragile  if  the  weld- 
ing is  done  in  an  oxygen-free  atmosphere.  The  resistance  of  a 
thermoelement  prepared  in  this  way  may  be  anywhere  from  5  to 

'  White-hot  platinum  wire  when  inserted  in  tellurium  forms  practically  a  resist- 
ance-free contact. 
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50  ohms,  according  to  the  conditions  of  welding  and  the  resist- 
ance of  the  fine  wire,  the  lower  resistance  being  somewhat  more 
difficult  to  obtain.  The  thermoelement  is  next  inclosed  in  a  test 
tube,  and,  if  likely  to  be  handled  roughly,  the  whole  may  be 
inclosed  in  a  larger  test  tube  with  cotton  or  felt  between  the  two. 

TABLE  I 


Platinum-Constantan  and  Tellurium-Platinum  Thennoelements  m 


G«l?a]iomoCer  Deflectiaoi 

RatlD 

2.2 

62 

28 

4.0 

106 

27 

6.2 

176 

28.5 

9.1 

255 

28 

18.5 

510 

27.5 

20.3 

560 

27.5 

24.6 

700 

28.5 

29.1 

810 

28 

Thermoelements  prepared  in  this  way,  if  carefully  handled,  are 
extremely  stable  and  perfectly  constant  in  their  electrical  proper- 
ties over  long  periods.  One  thermoelement  of  11  ohms  resist- 
ance has  now  been  in  constant  use  in  the  laboratory  for  nearly 
two  years  and  has  shown  no  appreciable  variation  during  the 
whole  time.  These  thermoelements,  on  account  of  the  nature  of 
their  construction,  can  not  be  calibrated  by  means  of  direct  cur- 
rents, but  may  be  compared  at  least  over  the  range  of  the  larger 
high-frequency  currents  with  a  sensitive  hot-wire  meter  which 
has  already  been  calibrated,  arranged  for  mirror  and  scale  read- 
ing.^ Comparison  can,  of  course,  be  made  also  with  wire  thermo- 
elements of  ordinary  types.     Table  I  shows  the  admirable  pro- 

'  The  hot-wire  instrument  used  was  a  General  Electric  Company's  voltmeter 
employing  a  wire  of  15  ohms  resistance  and  giving  full  scale  deflection  for  240  mill!- 
amperes.  By  means  of  a  mirror  attached  to  the  pointer  or,  less  preferably,  if  the 
pointer  itself  be  observed  by  a  microscope,  a  current  of  i  milliampere  is  readily 
readable.  The  constancy  is  all  that  could  be  desired.  See  Electrical  World,  Vol. 
XLIX,  1907,  p.  308. 
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portionality  between  the  galvanometer  deflections  of  a  constantan 
platinum  thermoelement  already  calibrated  and  those  of  the  tel- 
lurium-platinum  element. 

The  32-ohm  thermoelement  with  the  most  sensitive  galva- 
nometer gave  a  deflection  of  about  i  mm  for  120  microamperes. 

4.  THE  CONTACT  RECTIFIER 

For  measuring  still  smaller  oscillatory  currents,  a  contact 
rectifier  was  used,  in  which  the  contact  was  formed  between  a 
crystal  of  zinkite  and  one  of  chalco-pyrite.  This  combination 
goes  imder  the  trade  name  of  the  perikon  detector.  In  its  prop- 
erties it  resembles  very  closely  the  silicon-steel  rectifier  described 
in  a  former  article «  but  is  more  easily  adjusted  and  is  somewhat 
more  constant  in  its  action.  When  used  with  a  galvanometer 
as  shown  in  Fig.  6  the  galvanometer  deflection  is  proportional  to 
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Fig.  4 

the  square  of  the  high  frequency  oscillations  passing  through 
the  rectifier." 

s  5.  METHOD  OF  OBSERVATION 

The  general  scheme  of  the  circuits  is  shown  in  Figs.  4  and  6. 
Here  circuit  I  is  the  buzzer  exciter  circuit,  already  shown  in  detail 
in  Fig.  I,  circuit  II  a  closed  oscillatory  circuit  consisting  of  a 
coupling  inductance  L2  of  0.03  millihenry,  an  inductance  L,  of 
0.425  millihenry,  and  a  variable  air  condenser  C,  having  a 
maximum  capacity  of  o.ooi  microfarad.  The  circuit  contains 
also  a  thermoelement  Th  of  the  type  already  described,  across 
the  terminals  of  which  a  galvanometer  is  connected.     In  Fig.  4, 


This  Bulletin,  5,  p.  133,  1908. 


•This  Bulletin,  6,  p.  530;  19 10. 
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circuit  III  is  a  tuned  circuit  consisting  of  an  inductance  L4  of 
0.42  millihenry,  a  variable  air  condenser  C,  of  o.ooi  microfarad, 
and  a  thermoelement. 

In  Fig.  6,  circuit  III  is  an  tmtuned  circuit  consisting  of  an 
inductance  L4  of  0.42  millihenry,  a  fixed  stopping  condenser  K 
of  about  0.04  microfarad  and  a  perikon  detector  D  which  can 
be  connected  to  the  galvanometer.  On  accotmt  of  the  high 
resistance  of  the  perikon  detector  and  the  large  capacity  of  the 
condenser,  circuit  III  may  be  considered  as  strictly  aperiodic. 

The  wave  length  used  in  all  the  experiments  was  900  m  and 
the  sending  decrement  Sj  was  varied  between  0.02  and  0.8  by 
inserting  resistance  in  the  oscillatory  portion  of  the  buzzer  exciter 
circuit.  The  decrement  of  the  exciter  circuit  was  determined  from 
the  resonance  curve,  observed  in  a  standard  wave  meter  of  known 
damping,  when  loosely  coupled  to  the  exciter,  using  the  well 
known  formula 


s,+s,=^?^yj^ 


which  expression  becomes  simplified  to 

«.  +  «,  =  T%^ 

when  the  capacity  change  is  just  sufficient  to  make  Pni=2l*. 
Here  Cm  and  Im  represent  the  values  of  the  capacity  and  oscil- 
latory current  for  resonance.  The  decrements  in  circuits  II  and 
III  were  determined  similarly  by  exciting  them  with  circuit  I, 
after  its  decrement  had  been  determined. 

6.  THE  RELATION   BETWEEN  THE   COUPLING  AND   THE  CURRENT 
DISTRIBUTION  IN  TWO  TUNED  RECEIVING  CIRCUITS 

This  case  is  represented  by  the  circuits  of  Fig.  4.  Here  cir- 
cuit I,  very  loosely  coupled  to  circuit  II,  may  be  taken  to  represent 
a  sending  station  adjusted  to  send  out  waves  of  but  a  single 
wave  length.  Circuit  II  with  its  11 -ohm  thermoelement  repre- 
sents a  receiving  antenna  of  moderate  dimensions,  while  circuit 
III,  containing  a  thermoelement  of  32  ohms,  represents  a  timed, 
closed  receiving  circuit  coupled  to  the  antenna. 
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TABLE  n 
Coupling  and  Currents  in  Circuits  II  and  m 

A-900m.    »j^0JQf9.   dQi-0.0996.    {Iln mJIUaiiiperes] 


ai-0.02 

^1-0.16 

m 

K 

Pn             Pnx 

Pn             P|n 

Pn              Pin 

(mllllamperat)s 

(mllllamperat)> 

(mllllamperat)s 

0 

16.9 

16.9 

16.9 

0.010 

•••••                 •••• 

...a*                        ■■•■ 

•«■•                     •••• 

•014 

16.6          0.49 

16.5         0.41 

16.2         039 

•020 

15             1.06 

15.3           .93 

14.9           ^86 

•028 

11.6          1.22 

13.7          1.95 

13.8          1.78 

•030 

10.7          2.60 

12.5         2.56 

■•■•          ■■•> 

.033 

•■>••        .... 

•••••              •••« 

12.4         3.25 

•037 

7.05       3.67 

8.95        4.02 

11.0         4.13 

.041 

4.92        3.81 

7.8         4.45 

9.4         4.75 

•049 

2.01        3.56 

5.45       4.80 

8.4         5.60 

•061 

1.30       2.71 

4.34       4.57 

7.5         5.95 

•073 

.77        1.88 

3.34        3.92 

6.2         5.95 

.099 

.....       .... 

••••■               •••• 

5.5         5.75 

.126 

.... 

•  ••«•               •••• 

4.5         5.3 

Table  II  and  Fig.  5  give  the  results  of  a  series  of  observations 
on  three  diflFerent  values  of  sending  decrement  for  various  degrees 
of  coupling  k  between  circuits  II  and  III.  It  is  seen  that  as  the 
coupling  is  increased  the  current  in  circuit  II  falls  rapidly,  while 
that  in  circuit  III  increases  rapidly  up  to  a  given  point.  In 
this  neighborhood  both  curves  change  their  direction  and  both  fall 
together  as  the  coupling  is  further  increased.  From  these  curves 
it  is  seen  that  the  current  in  circuit  II  falls  more  abruptly  and  at 
a  smaller  coupling  the  less  the  damping  of  the  received  wave  trains. 
Similarly,  the  current  in  circuit  III  rises  more  rapidly  and  ab- 
ruptly and  with  smaller  coupling,  in  the  case  of  the  feebly  damped 
trains.  It  is  noticeable  also  that  the  maximum  in  the  current  of 
circuit  III  is  much  more  marked  vjdth  the  feebly  damped  trains. 
In  the  case  of  a  sending  decrement  Sj  =  0.8,  the  maximum  is  scarcely 
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to  be  observed,  the  magnitude  of  the  current  remaining  ahnost 
unchanged  as  the  coupling  is  increased  in  strength  beyond  the 
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0.12  COUPUNfii 


point  at  which  it  has  ceased  to  rise.  It  is  also  to  be  noted  that 
the  maximum  amount  of  energy  capable  of  being  drawn  into 
circuit  III  is  relatively  larger,  the  greater  the  sending  decrement. 
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7.  COUPLING  AND  CURRENT  DISTRIBUTION  BETWEEN  A  TUNED  AND 

AN  UNTUNED  RECEIVING  CIRCUIT 

In  several  forms  of  wireless  receiving  apparatus  the  detector  is 
contained  in  an  tmtuned  circuit  coupled  to  the  antenna.  Such 
a  case  is  represented  in  Fig.  6.  Here,  as  before,  circuit  I  repre- 
sents the  sending  station,  circuit  II  the  antenna,  which  in  this 
case  contains  a  32-ohm  thermoelement,  and  circuit  III,  with  its 
perikon  detector  and  fixed  condenser  K,  the  tmtuned  detector 
circuit. 

It  has  been  shown  in  another  place  that  the  deflections  of  a 
galvanometer  attached  to  a  perikon  detector  are  proportional  to 
the  square  of  the  current  in  a  circuit  to  which  it  is  coupled,  for  any 
given  frequency."    It  is  strictly  true,  however,  only  when  the 


K 


H^ 


^ 


I        L^ 

O 
O 


;f 


li 


U     U     L.gj  g 


(3)Q 


o    >o 
o 


L4    III     D4-(;j)Q 


Tig.  6 

resistance  in  the  circuit  is  either  larger  or  very  much  smaller  than 
the  inductive  reactance  of  the  circuit." 

Table  III  and  Fig.  7  show  the  relations  between  the  currents 
in  circuits  II  and  III  for  different  degrees  of  coupling  for  a  send- 
ing decrement  0.16.  It  is  seen  that  the  current  in  circuit  III  rises 
rapidly  up  to  a  certain  degree  of  coupling,  beyond  which  it  falls 
slightly  as  the  coupling  is  increased.  Comparing  Figs.  5  and  7,  it 
appears  that  the  position  of  the  maximum  current  in  circuit  III 
occurs  as  would  be  expected,  with  a  much  stronger  coupling  when 
circuit  III  is  untuned,  and  that  the  maximum  itself  is  much  less 
strongly  marked.  The  curves  are  given  for  but  one  value  of  send- 
ing decrement,  as  it  was  found  that  the  change  in  the  form  of  the 
curve  was  but  very  slight,  as  the  sending  decrement  was  varied. 


'®This  Bulletin,  6,  p.  530;  19 10. 

"  Zenneck,  Leitfaden  der  drahtlosen  Telegraphie,  p.  78. 
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8.  THE  RELATION  BETWEEN  COUPLING  AND  SHARPNESS  OF 

RESONANCE 

It  has  already  been  stated  that  we  may  consider  the  coupling 
of  a  circuit  containing  resistance  to  another  circuit  as  introducing 
a  certain  proportion  of  its  resistance  into  the  latter.  This  will  not 
only  decrease  the  amplitude  of  the  oscillations  in  the  circuit  but 
will  also  increase  its  natural  logarithmic  decrement  and  decrease 
the  sharpness  of  the  resonance  curve  when  it  is  brought  into 
resonance  with  any  circuit  from  which  waves  are  being  sent. 

In  order  to  observe  this  relationship  quantitatively  the  detector 
circuit  III  shown  in  Fig.  6,  containing  a  perikon  detector  of  2000 
ohms  resistance  "  connected  to  a  galvanometer,  was  coupled  induc- 
tively to  circuit  II  with  the  thermoelement  removed.  This  latter 
circuit  was  excited  by  the  buzzer  exciter.  Under  the  conditions 
used,  it  was  determined  experimentally  that  the  natural  decre- 
ment of  the  buzzer  exciter  circuit  was  approximately  0.02  and 
that  that  of  circuit  II  was  very  nearly  the  same.  The  damping  of 
the  system  was  then  observed  as  the  coupling  between  the  cir- 
cuits II  and  III  was  increased.  The  results  are  given  in  Table 
IV  and  Fig.  8.  It  is  to  be  seen  that  the  influence  of  the  coupled 
detector  on  the  damping  is  practically  negligible  for  K= 0.057 

«  ■ __  _  _ _         _  ^^^ 

^  The  resistance  of  rectifiers  of  this  type  is  a  variable  quantity  depending  on  the 
magnitude  of  the  oscillatory  current.     See  this  Bulletin,  5,  p.  133;  1908. 
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and  nearly  so  for  K =0.085,  ^^d  that  the  values  become  very  large 
as  the  coupling  is  increased  to  a  maximum.  If  the  buzzer  exciter 
has  a  decrement  of  0.12,  corresponding  to  a  rather  feebly  damped 
wireless  sending  station,  and  circuit  II  has  a  decrement  of  0.13 
representing  a  receiving  antenna,  Table  IV  shows  that  the  damp- 
ing due  to  the  coupled  detector  remains  relatively  negligible  until 
i« 
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VARIATION  OF  THE  CURRENTS  IN 
CIRCUITS  U  AND  UI    (FIGLS) 
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the  coupling  has  been  increased  beyond  lo  per  cent..  The  form 
of  the  curve  in  Fig.  8  indicates  that  the  coupling  damping  increases 
with  the  mutual  inductance  imtil  the  point  is  reached  where  the 
current  curve  ceases  to  rise.  (See  Fig.  5.)  The  rise  of  the  damp- 
ing curve  is  then  for  a  short  distance  very  slight  but  with  still 
closer  coupling  again  rises  abruptly. 
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TABLE  IV 
Coupling  and  Total  Apparent  Decrement 
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9.  DISCUSSION  OF  RESULTS 

If  the  tables  and  curves  be  examined  in  regard  to  the  quantita- 
tive relationship  between  the  energy  in  the  two  circuits  under 
special  consideration  in  each  case,  it  will  be  found  that  in  the 
case  of  the  more  feebly  damped  oscillations  the  maximum  of 
the  I,J,  curve  in  circuit  III  occtu^  at  that  degree  of  coupling  for 
which  the  I,"  curve  in  circuit  II  has  fallen  to  approximately  one- 
fourth  of  its  maximum  value,  while  with  increasing  sending  damp- 
ing, the  maximum  for  Ii*i  approaches  the  point  at  which  In  falls 
to  one-half. 

The  results  obtained  have  also  a  practical  bearing  on  the  con- 
struction and  method  of  use  of  receiving  circuits.  They  show 
that  for  the  greatest  efficiency  in.  working,  the  apparatus  must 
be  so  arranged  that  the  amount  of  energy  withdrawn  from  the 
antenna  may  be  varied  until  the  point  of  maximum  effect  is 
obtained.  If  the  detector  is  connected  in  shunt  across  an  inductance 
the  number  of  turns  contained  between  the  detector  terminals 
should  be  variable  and  independent  of  the  number  of  turns  of 
the  inductance  which  are  used  for  tuning  purposes.  If  the  detec- 
tor is  connected  around  a  condenser,  it  must  have  in  series  with 
it  a  small  variable  condenser  which  can  be  used  to  regulate  the 
amount  of  energy  flowing  into  the  detector.  By  far  the  simplest 
and  best  method,  however,  is  the  inductive  coupling  of  the  untuned 
detector  circuit  to  the  antenna  or  to  an  intermediate  tuned  cir- 
cuit, the  coupling  coils  being  arranged  so  as  to  be  easily  moved 
toward  or  away  from  each  other  by  means  of  a  rack  and  pinion 
or  some  similar  device. 

The  portion  of  the  work  on  the  relation  between  coupling  and 
sharpness  of  resonance  also  shows  the  importance  of  having  means 
of  varying  the  amount  of  energy  drawn  from  the  antenna  circuit. 
The  results  show  that  if  the  coupling  be  made  stronger  than  is 
required  for  the  maximum  effect  in  the  detector,  the  damping  is 
largely  increased,  resulting  in  an  enormous  loss  in  sharpness  of 
tuning,  while  at  a  point  a  little  before  the  maximum  is  reached 
the  detector  produces  a  comparatively  feeble  influence  on  the 
receiving  damping  and  at  the  same  time  the  intensity  of  the  cur- 
rent in  the  detector  is  but  little  below  its  maximimi  value. 

U.  S.  Navai,  Wireless  Telegraphic  Laboratory, 
Washington,  D.  C,  May  i,  J910. 
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SOME  QUANTITATIVE  EXPERIMENTS  IN  LONG- 
DISTANCE RADIOTELEGRAPHY 


By  L.  W.  Ausdii 


During  December,  1909,  and  the  spring  and  summer  of  1910  the 
Navy  Department  carried  on  long-distance  wireless  tests  between 
the  scout  cruisers  Birmingham  and  Salem  and  the  large  Fessenden 
station  at  Brant  Rock,  which  was  leased  by  the  Government  for 
this  purpose.  These  tests  were  primarily  for  the  determination  of 
the  range  of  communication  between  the  two  cruisers  and  between 
the  cruisers  and  the  Brant  Rock  station.  The  United  States 
Naval  Wireless  Laboratory  had  charge  of  the  taking  of  certain 
quantitative  measurements  in  connection  with  these  tests,  and 
this  enabled  us  to  obtain  scientific  data  in  regard  to  the  laws  which 
govern  the  radiation  and  reception  of  electrical  waves,  and,  what 
was  of  especial  interest,  to  study  the  course  of  the  so-called  atmos- 
pheric absorption  up  to  a  distance  of  about  one  thousand  miles. 
The  following  paper  contains  the  results  of  this  work. 

It  was  shown  by  Duddell  and  Taylor^  in  experiments  carried  on 
between  a  land  station  and  the  steamer  Monarch  in  the  Irish  Sea 
that  the  received  current  over  water  fell  off  very  nearly  in  propor- 
tion to  the  distance.     This  law  has  since  been  verified  by  Tissot.^ 

As  the  data  obtained  during  the  July  experiments  were  by  far 
the  most  full  and  accurate,  all  the  theoretical  deductions  have  been 
based  on  these  results  and  the  others  have  been  employed  only  for 
comparison  and  verification.  The  Brant  Rock  station,  situated 
directly  on  the  shore  20  miles  south  of  Boston,  employs  for  its* 
antenna  a  steel  tower  420  feet  high  and  3  feet  in  diameter  thor- 
oughly insulated  at  its  base.  From  the  top  of  the  tower  extend 
four  arms  50  feet  in  length  and  from  each  of  these  two  300-foot 
cylindrical  cages  are  drawn  out  by  means  of  guys  at  an  angle  of 

^  W.  Duddell  and  J.  E.  Taylor,  Electrician,  55»  p.  960;  1905. 
'  C.  Tissot,  Electrician,  56,  p.  848;  1906. 
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about  45®.  This  forms  a  system  of  eight  conductors  spaced  sym- 
metrically about  the  tower.  These  cages  are  approximately  4 
feet  in  diameter  and  consist  of  four  wires  each,  separated  by  a  sys- 
tem of  hoops.  The  cages  are  insulated  at  the  bottom  and  electri- 
cally connected  to  the  steel  tower  at  its  top,  thus  forming  a  type  of 
umbrella  antenna.  The  inductance  of  the  complete  antenna  sys- 
tem amotmts  to  0.055  niillihenry,  and  the  capacity  is  0.0073  inicro- 
f  arad.  The  closed  circuit  was  inductively  coupled  to  the  antenna 
just  loosely  enough  so  that  but  one  wave  length  *  was  radiated.  The 
closed  circuit  condensers  were  of  the  well-known  Fessenden  com- 
pressed-air type,  and  for  a  wave  length  of  3750  meters  the  capacity 
was  0.18  microfarad.  The  spark  gap  was  of  the  Fessenden  syn- 
chronous rotary  type  with  two  fixed  electrodes  and  a  system  of 
rotary  electrodes  moimted  on  the  shaft  of  the  generator.  The  gen- 
erator was  rated  at  100  kilowatts  at  500  cycles,  thus  producing 
1000  sparks  per  second.  It  was  not  possible  to  run  the  generator 
at  full  power  with  the  steam  engine  available  at  the  time  of  the 
experiments,  the  actual  power  expended  being  50  to  60  kilowatts. 
The  scout  cruisers  were  provided  with  flat  top  antennas  sup- 
ported by  steel  masts  surmounted  by  wooden  topmasts.  The 
antenna  dimensions  were :  Length  116  feet,  breadth  40  feet,  number 
of  longitudinal  wires  14,  cross  wires  15.  During  the  December 
test,  the  height  above  the  water  was  approximately  112  feet,  but 
this  height  was  increased  in  the  three  later  tests  to  130  feet.  The 
capacity  was  about  0.0018  microfarad  and  the  inductance  0.038 
millihenry.  During  the  May  experiments  the  capacity  of  the  Bir- 
mingham  was  increased  by  two  70-foot  cages  forward  and  two  80- 
foot  cages  aft  set  at  an  angle  of  approximately  30®  with  the  verti- 
cal. These  cages  were  similar  to  those  forming  the  umbrella  of  the 
Brant  Rock  tower.  This  increased  the  capacity  to  about  0.0025. 
In  the  midst  of  the  July  tests,  cages  were  added  to  the  Salem  also, 
but  the  change  resulted  in  no  observable  variation  in  the  intensity 
of  the  signals,  the  increase  in  capacity  being  apparently  coimter- 
balanced  by  the  decrease  in  effective  height.  The  closed  circuit 
was  coupled  to  the  antenna,  so  that  but  one  wave  length  was  radi- 
ated, and  the  closed  circuit  capacity  was  0.036  microfarad  at  3750 

*  Experience  has  shown  that  when  the  closed  circuit  is  properly  designed — ^that  is, 
without  undue  waste  of  energy  from  brushing,  etc. — the  greatest  range  is  obtained  by 
a  coupling  loose  enough  to  give  but  one  wave  length  in  the  antenna. 
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meters,  and  0.018  microfarad  at  1000  meters  wave  length.  The 
motor  generators  were  500-cycle  machines  rated  at  10  kilowatts, 
and  the  spark  gap  was  of  the  same  type  as  that  used  at  Brant  Rock 
but  of  smaller  dimensions. 

JULY  EXPERIMENTS 

Is.  Sending  antenna  cturent  in  amperes. 

Ib.  Received  antenna  cturent  through  25  ohms. 

N.  Night  observations. 

K.  Received  antenna  cturent  at  i  kilometer  distance. 

d.  Distance  in  kilometers. 

h.  Height  of  flat  top  antenna. 

a.  Day  absorption  coefficient  =0.0015. 

X.  Wavelength. 

H.Stat.  Heavy  static » atmospheric  discharges  preventing  re- 
ception of  signals. 

Miles.  Nautical  mile  =  1.85  kilometers. 

For  good  communication.  I,  =  40Xio"*  amperes  through  25 
ohms  =4  X 10"*  watts. 

For  audible  signals.  Ib  =  ioxio""*  amperes  through  25  ohms» 
2.5  X 10  ""•  watts. 

PreUminary  experiments  were  begtm  early  in  July,  the  scout 
cruisers  Ijring  at  anchor  in  the  harbor  at  Provincetown,  22  miles 
from  Brant  Rock.  The  path  of  the  waves  between  the  ships  and 
the  shore  station,  except  for  a  narrow  strip  of  sand  hills  botmding 
Provincetown  Harbor,  lay  entirely  over  water.  Later,  when  th3 
ships  put  to  sea,  it  was  found  that  this  strip  of  land  made  no 
appreciable  difference  in  the  received  signals.  Careful  measure- 
ments were  made  on  the  intensity  of  the  received  antenna  current 
at  Brant  Rock  for  the  two  wave  lengths  i  000  meters  and  3  750 
meters.  This  current  was  measured  either  by  means  of  a  hot- 
wire ammeter  of  15  ohms  resistance,  provided  with  a  mirror  for 
nodrror  and  scale  readings,*  or  by  a  tellurium  constantan  thermo- 
element,* also  of  1 5  ohms  resistance.  The  hot  wire  ammeter  gave 
a  scale  deflection  of  about  0.2  millimeter  for  i  milliampere  oscil- 
latory ctirrent  in  the  antenna  and  9.4  millimeters  for  10  milliam- 
peres.  One  millimeter  galvanometer  deflection  with  the  thermo- 
element was  equivalent  to  263  microamperes,  and  the  deflections 

*  L.  W.  Austin,  Electrical  World,  49,  p.  308;  1907. 
'  This  Bulletin,  7,  p.  304. 
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were,  as  nearly  as  cotild  be  determined,  directly  proportional  to 
the  square  of  the  oscillatory  current.  For  the  1000-meter  wave 
length  a  variable  air  condenser  was  placed  in  series  with  the  Brant 
Rock  anteima,  and  in  this  way  it  was  possible  to  adjust  the 
antenna  resistance  for  both  wave  lengths  to  about  25  ohms. 
From  a  number  of  observations  it  was  determined  that  the  received 
current  at  Brant  Rock  for  a  wave  length  of  1000  meters  was 
10  500  microamperes  for  the  Birmingham,  with  a  sending  antenna 
current  of  33  amperes,*  and  11  000  microamperes  for  the  Salem, 
corresponding  to  a  sending  antenna  current  of  27  amperes.  For 
a  wave  length  of  3750  meters  the  received  currents  were  3200 
microamperes  for  the  Birmingham  and  4100  microamperes  for 
the  Salem,  corresponding  to  sending  antenna  currents  of  27  and 
24  amperes. 

After  the  ships  had  attained  distances  too  great  to  permit  the 
reading  of  the  received  signals  at  Brant  Rock  by  means  of  thermo- 
elements, a  chalcopyrite  zinkite  rectifier  with  galvanometer  was 
employed  whenever  the  atmospheric  disturbances  permitted. 
This  was  connected  in  a  secondary  circuit  coupled  to  the  antenna 
and  calibrated  by  means  of  a  thermoelement  in  the  antenna  and 
an  exciting  buzzer  circuit  which  could  be  timed  to  the  wave 
length  used.' 

Throughout  the  experiments,  both  at  Brant  Rock  and  on  ship- 
board, shunted  telephone  readings  were  taken  on  the  incoming 
signals.  The  detectors  used  for  the  shunt  readings  were  of  the 
free  wire  electrolytic  type  and  the  head  telephones  coimected  in 
series  were  each  of  600  ohms  resistance,*  the  shunt  being  placed 
across  one  of  these  according  to  the  Fessenden  method.  The 
circuits  for  the  galvanometer  and  for  the  shunt  readings  at  Brant 
Rock  are  shown  in  Fig.  i . 

An  extended  comparison  of  antenna  currents  through  circuit  A 
and  the  shunt  readings  as  taken  in  circuit  B  was  made,  and  the 

^  It  will  be  noticed  that  while  the  radiation  current  of  the  Birmingham  is  consider- 
ably greater  than  that  of  the  Salem,  the  strength  of  received  signal  is  slightly  less. 
It  is  possible  that  the  apparently  greater  radiation  of  the  Birmingham  was  due  to  a 
deck  insulator  which  gave  trouble  throughout  the  July  test.  It  is  not  improbable, 
therefore ,  that  the  actual  antenna  current  was  not  greater  than  that  of  the  SaUm.  Hie 
mean  of  the  readings  of  the  two  ships,  30  amperes  at  a  wave  length  of  zooo  meters,  has 
been  taken  as  a  basis  for  calculation. 

^  See  this  Bulletin,  7,  p.  295. 

'  The  inductive  resistance  of  each  telephone  used  in  calculating  the  shunt  ratio  was 
2000  ohms. 
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TABLE  I 

Shunts  on  600-Ohni  Telephone  with  Electrolytic  Detector,  and  Antenna 

Current  Through  25  Ohms 


Shunt  Ohms 

Antemia  Current 
10~  Amp. 

Shunt  Ohms 

Antenni  Currant 
10~  Amp. 

0.5 

672 

25 

95 

.6 

614 

30 

87 

.7 

568 

40 

76 

^ 

530 

50 

68 

1.0 

474 

70 

58 

2 

336 

100 

49 

3 

274 

150 

40 

4 

237 

200 

35 

5 

212 

300 

29 

6 

194 

400 

26 

8 

168 

600 

22 

10 

150 

1000 

18 

12 

137 

2000 

15 

15 

122 

3000 

13 

20 

106 

00 

10 
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results  are  shown  in  Table  I.  The  table  shows  the  amount  of 
current  in  an  antenna  having  a  total  resistance  of  25  ohms  which 
would  correspond  to  the  telephone  shtmt  readings  on  a  detector 
coupled  to  the  antenna  with  the  degree  of  coupling  capable  of 
drawing  the  maximum  amount  of  energy  into  the  detector.  • 

Shtmt  readings  are  very  difficult  to  take  even  imder  the  best 
circumstances.  In  a  quiet  laboratory  it  has  been  fotmd  possible 
to  make  them  agree  among  themselves  with  average  errors  in 
the  single  observations  not  greater  than  10  per  cent.  In  a  wire- 
less station,  with  its  varying  degree  of  noise,  especially  if  the  sta- 
tion is  on  shipboard,  the  errors  are  much  greater  than  this,  amount- 
ing under  ordinary  circumstances  with  good  operators  to  from 
20  to  40  per  cent;  while  in  a  stormy  time,  or  when  the  atmospheric 
discharges  are  heavy,  the  observed  strength  of  signal  will  often 
be  only  a  small  fraction  of  that  which  would  have  been  observed 
imder  normal  conditions.  It  is  evident  that  most  of  these  sources 
of  error  tend  to  decrease  the  observed  value  of  the  signal.  Occa- 
sionally, however,  a  loose  contact  or  a  loose  plug  where  plug  resist- 
ance boxes  are  used,  will  produce  abnormally  high  values.  Then, 
too,  the  diflference  in  ear  sensitiveness  of  different  operators  pro- 
duces variations  in  the  record.  For  this  reason  it  is  necessary 
that  a  very  large  number  of  observations  be  taken  to  make  the 
results  of  much  value. 

As  the  received  currents  given  in  the  curves  and  tables  are  pro- 
portional to  the  square  root  of  the  loudness  of  signal,  the  per- 
centage errors  are  of  course  smaller  than  the  errors  in  taking  the 
shtmt  readings. 

The  standard  of  audibility  taken  in  this  work  is  that  strength 
of  signal  which  permits  a  clear  differentiation  of  the  dots  and 
dashes. 

The  Birmingham  sailed  from  Provincetown  early  on  the  morn- 
ing of  July  14,  taking  a  course  nearly  south  tmtil  she  had  attained 
a  distance  of  about  1200  miles  from   Brant  Rock.    The  Salem 


*  The  actual  amount  of  current  in  the  antenna  for  the  same  intensity  of  signal  in  the 
detector  varies  with  the  effective  resistance,  which  in  turn  depends  on  the  wave  length 
and  amount  of  tuning  inductance.  The  energy  in  the  detector,  required  to  produce 
given  signals  is  constant,  however.  This  energy  is  what  is  actually  measured  in  taking 
shunt  readings,  and  for  convenience  of  comparison  its  square  root  is  put  in  terms  <S 
micro  amperes  through  25  ohms  which  was  the  resistance  actually  employed  in  the 
thermoelement  readings  at  Brant  Rock,  and  which  is  approximately  the  effective 
resistance  of  a  properly  coupled  ship's  antenna  of  moderate  size  at  a  wave  length  of 
zooo  meters. 
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TABLE  II 


Birmingham  Received  at  Biant  Rock 


;-1000M. 
L— 33  amp. 

Jniy 

;i-3750  M. 
I.«27amp. 

July 

DIftance* 

Nautical 

MUM 

10~  amp. 

DIftance, 

NauUcal 

MUes 

Received  Current 
10""  amp. 

14    8  a.m. 

22 

10500 

i 

< 

14    8.30  a.  m. 

22 

3000] 

i 

2p.m. 

50 

4600 

3.30  p.  m. 

60 

1370 

1 
1 

1 

8p.m. 

110 

n         2100 

9.30  p.  m. 

120 

n          520 

15    8  a.  ZDu 

256 

520 

1 

15    9.30  a.  m. 

266 

180 

2  p.  m. 

335 

157 

0 

3.30  p.  m. 

345 

67 

8  p.  m. 

415 

n          336 

9.30  p.  m. 

425 

N            77 

16    8  a.  m. 

550 

77 

16    9.30  a.  m. 

560 

49 

2  p.  m. 

626 

54 

3.30  p.  m. 

636 

H.  Stat. 

8  p.  m. 

702 

N          210 

9.30  p.  m. 

712 

N          106 

17    8  a.  m. 

854 

H.  Stat. 

17    9.30  a.  m. 

864 

26 

2  p.  m. 

927 

3.30  p.  m. 

937 

Stat. 

8  p«  in* 

1000 

N            19 

9.30  p.  m. 

1010 

N            10 

18    8  a.  m. 

1170 

H.  Stat. 

18    9.30  a.  m. 

1170 

2  p.  m. 

1185 

H.  Stat. 

3.30  p.  m. 

1185 

8  p.  m. 

1200 

N            51 

9.30  p.  m. 

1200 

N            44 

19    8  a.  m. 

1152 

H.  Stat. 

19    9.30  a.  m. 

1152 

26 

2  p.  m. 

1103 

H.  Stat. 

3.30  p.  m. 

1103 

8  p.  m. 

1035 

N          210 

9.30 

1025 

N    Not  send 

20    8  a.  m. 

890 

35 

20    9.30  a.  m. 

880 

26 

2  p.  m. 

841 

29 

3.30  p.  m. 

831 

8  p.  m. 

772 

N          240 

9.30  p.  m. 

762 

N    Not  send 

21    8  a.  m. 

648 

26 

21    9.30  a.  m. 

638 

26 

2  p.  m. 

559 

3.30  p.  m. 

549 

8  p.  m. 

470 

N          150 

9.30 

460 

N    Not  send 

22    8  a.  m. 

320 

210 

22    9.30  a.  m. 

2  p.  m. 

240 

3.30  p.  m. 

8  p.  m. 

190 

9.30  p.  m. 
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followed  on  the  morning  of  July  1 5  and  proceeded  slowly  to  a  point 
about  450  miles  from  Brant  Rock.  The  courses  of  the  two  ships 
are  shown  in  figure  2.  Regular  sending  and  receiving  periods 
were  observed  at  the  three  stations.  At  Brant  Rock  the  signals 
were  received  as  far  as  possible  on  the  thermoelement  and  a  few 
readings  were  taken  with  the  rectifier,  but  while  the  preceding 
week  had  been  almost  completely  free  from  atmospheric  dis- 
turbances, imfortimately,  soon  after  the  ships  sailed,  strong  dis- 
turbances set  in  which  precluded  the  possibility  of  galvanometer 
measurements,  so  that  for  the  rest  of  the  experiments  all  the 
readings  had  to  be  taken  by  the  shtinted  telephone  method.  On 
the  ships  no  attempt  was  made  to  use  deflection  methods,  although 

TABLE  III 
Bzant  Rock  Received  on  Birmingham 


i- 1500  m 
L— 56  amp. 

July 

jl.  3750  m 
I«-69aii9. 

July 

DManee, 

Nautical 

Miles 

ReMlv«d  Cnmnt 
10-0  amp. 

DiatauMf 

Nautical 

Miles 

Received  Cunsnt 

10^  amp. 

15    10.15  a.  ZDu 

290 

336 

15 

10.45  a.  m. 

295 

120 

10.15  p.  m. 

445 

N 

274 

10.45  p.  m. 

450 

n                 63 

16    10.15  a.  m. 

580 

58 

16 

10.45  a.  m. 

585 

10.15  p.  m. 

727 

N 

160 

10.45  p.  m. 

732 

W                 77 

17    10.15  a.  m. 

885 

28 

17 

10.45  a.  m. 

890 

10.15  p.  m. 

1040 

N 

106 

10.45  p.  m. 

1045 

N                 37 

18    10.15  a.  m. 

1180 

Stat. 

18 

10.45  a.  m. 

1185 

10.15  p.  m. 

1215 

N 

130 

10.45  p.  m. 

1215 

N               110 

19    10.15  a.  m. 

1115 

Stat. 

19 

10.45  a.  m. 

1110 

30 

10.15  p.  m. 

1005 

N 

106 

10.45  p.  m. 

1000 

If               212 

20    10.15  a.  m. 

850 

37 

20 

10.45  a.  m. 

845 

28 

10.15  p.  m. 

730 

N 

336 

10.45  p.  m. 

725 

Not  send 

21    10.15  a.  m. 

600 

150 

21 

10.45  a.  m. 

595 

51 

10.15  p.  ZDU 

435 

n 

194 

10.45  p.  m. 

430 

N                 54 

22    10.15  a.  m. 

275 

390 

22 

10.45  a.  m. 

270 

Not  send 

10.15  p.  m. 

115 

N 

336 

10.45  p.  m. 

110 

Not  send 
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it  is  possible  that  satisfactory  meastirements  cotild  have  been 
taken  by  means  of  marine  galvanometers.  Tables  II  to  VI 
contain  the  data  of  the  experiments,  the  received  signals  being 
reduced  to  terms  of  current  through  25  ohms  antenna  resistance. 

TABLE  IV 
Salem  Received  at  Brant  Rock 


I' 

-lOOOm 
-27  aa^. 

Tilly 

i«3750m 

JttUr 

Dllttflf6, 

Nautlail 
MUM 

Raoehwd  Cimeiit 

DtatuMf 
Nanticftl 

MllM 

Ito66iv6ii  Cunvnt 
IQ-^amp. 

15    6  a.  m. 

22 

4400 

15    5  a.  m. 

22 

11000 

9  a.  m. 

52 

1420 

8a.]n. 

45 

5000 

3  p.  in. 

70 

1250 

2  p.  sou 

60 

3600 

9  p.  m. 

117 

N            *613 

8  p«  ]&• 

117 

N 

2170 

16    8  a.  m. 

125 

2250 

16    9  a.  m. 

130 

693 

2  p.  HI. 

105 

2275 

3  p.  HL 

110 

♦567 

8  p«  ma 

137 

N 

1328 

9  p.  m. 

140 

W            *474 

17    8a.]n. 

207 

*1062 

17    9  a.  m. 

210 

♦274 

2  p.  m. 

190 

646 

3  p.  in. 

190 

♦500 

8  p«  in. 

196 

N 

400 

9  p.  m. 

196 

N            *179 

18    8  a.  m. 

249 

580 

18    9  a.  m. 

250 

♦237 

2  p.  in. 

270 

520 

3  p.  in. 

275 

♦274 

8  p.  ]&• 

290 

N 

410 

9  p.  m. 

295 

N            ^194 

19    8  a.  m. 

366 

200 

19    9  a.  m. 

370 

♦106 

2  p.  m. 

394 

182 

3  p.  in. 

400 

♦115 

8  p.  QL 

425 

N 

♦672 

9  p.  m. 

430 

Not  send 

20    8  a.  m. 

322 

325 

20    9  a.  m. 

315 

Not  send 

2  p.  m. 

254 

582 

3  p.  in. 

245 

Not  send 

8  p.  m 

181 

N 

Stat. 

9  p.  m. 

175 

Not  send 

*  Teteyhone  readinia 

Wherever  possible  the  readings  taken  by  the  deflection  method 
are  used.  During  the  experiments  the  atmospheric  disturbances 
were  heavy  most  of  the  time,  especially  at  night  and  at  the  longer 
wave  length.  These  frequently  entirely  prevented  the  reception 
of  the  signals  as  indicated  by  the  blanks  in  the  received  current 
column.     No  table  is  given  for  Brant  Rock  received  on  the  Salem, 


AusUn]  Experiments  in  Long-Distance  Radiotelegraphy 


325 


because  during  a  great  part  of  the  time  the  signals  were  too  strong 
for  acctu-ate  shunt  readings.  No  tables  are  given  for  the  work 
between  the  two  cruisers  at  a  wave  length  of  3  750  meters,  as 
their  antennas  seemed  too  small  to  work  successfully  at  this 

TABLE  V  TABLE  VI 

BiTmingham"  "  Birmingham  "  RooeiTed  on  "  Salem'' 


Salem 


on 


i-lOOOm 

July 

i- 1000  m 

I.-33 

July 

Diatanee, 

Nautical 
MUea 

Reeelved 
Cumnt 

10~  Amp. 

Dlitafif6> 

Nautical 

MIto 

Received 
Cuneiit 

10"  Amp. 

15    8  a.  m. 

253 

170 

15 

8.30  a.  m. 

256 

160 

2p.  m. 

274 

196 

2.30  p.  m. 

278 

150 

8  p.m. 

312 

N          120 

8.30  p.  m. 

315 

N            105 

16    8  a.  in. 

420 

87 

16 

8.30  a.  m. 

425 

60 

2  p.  in. 

521 

54 

2.30  p.  m. 

526 

43 

8  p.  m. 

574 

N           87 

8.30  p.  m. 

579 

N.           63 

17    8  a.  m. 

661 

21 

17 

8.30  a.  m. 

666 

H.  Stat. 

2p.  m. 

750 

20 

2.30  p.  m. 

755 

H.  Stat. 

8  p.  m. 

840 

N            30 

8.30  p.  m. 

845 

N             38 

18    8  a.  m. 

960 

Stat. 

18 

8.30  a.m. 

960 

10 

2  p.m. 

972 

Stat. 

2.30  p.  m. 

972 

10 

8  p.m. 

960 

N           46 

8.30  p.  m. 

960 

N             10 

19    8  a.  m. 

828 

10 

19 

8.30  a.  m. 

823 

10 

2  p.m. 

720 

26 

2.30  p.  m. 

715 

Stat 

8  p.m. 

618 

N            46 

8.30  p.  m. 

613 

N             77 

20    8a.m. 

589 

43 

20 

8.30  a.  m. 

584 

38 

2p.  m. 

566 

54 

2.30  p.  m. 

561 

38 

8  p.m. 

555 

N            69 

8.30  p.  m. 

555 

Messages 

21    8  a.  m. 

666 

46 

21 

8  30  a.  ZDU 

661 

38 

2p.  m. 

8  a.m. 

wave  leng^  and  only  a  few  unsatisfactory  shunt  readings  were 
obtained. 

For  determining  the  law  of  the  decrease  of  the  intensity  of  the 
signal  with  the  distance  a  smooth  curve  was  drawn  through  the 
observed  day  readings  and  points  on  this  were  taken  as  the 
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d 

TftH 

;i-1000m. 

27  amp. 
3750m. 

Nratlnl 

MllM 

Ir 

Ir 

K 
d 

K 

d 

lO-samp. 

10-*  amp. 

ObB. 

CaL 

ObB. 

Old. 

20 

37 

12830 

11500 

12200 

3730 

3500 

3620 

50 

92.5 

5135 

4600 

4460 

1492 

1400 

1385 

100 

185 

2565 

2100 

1940 

746 

700 

645 

200 

370 

1283 

800 

737 

373 

260 

280 

300 

555 

856 

260 

370 

249 

120 

161 

400 

740 

642 

130 

212 

187 

60 

105 

500 

925 

514 

80 

128 

149 

40 

73 

600 

1110 

428 

50 

81.5 

124 

30 

52 

800 

1480 

321 

35 

35 

93 

24 

29 

1000 

1850 

257 

20 

15.4 

75 

22 

18 

TABLE  Vni 
Brant  Rock  Received  on  Birmingham,  July 


d 

TftH 

Is- 

-56  amp. 

-1500m 
-310000.1(r«amp. 

l8-< 

K-: 

B9amp. 
S750m 
l60000.ia-«  amp. 

Nautical 
Miles 

K 

d 
10-<amp. 

Ir 
10-*  amp. 

K 

d 

l(^*amp. 

Ir 
10-*  amp. 

Obt. 

Gal. 

Otw. 

CaL 

20 

37 

8380 

8000 

4325 

4200 

50 

92.5 

3350 

2980 

1730 

1610 

100 

185 

1675 

1340 

865 

750 

200 

370 

838 

533 

432 

324 

300 

555 

558 

320 

283 

288 

120 

187 

400 

740 

419 

160 

170 

216 

85 

121 

500 

925 

335 

80 

108 

173 

65 

84.5 

600 

1110 

279 

52 

72.5 

144 

52 

60.8 

800 

1480 

209 

38 

34.7 

108 

40 

34.1 

1000 

1850 

167 

25 

17.1 

87 

30 

20.6 
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observed  values  for  purposes  of  calculation.  It  was  assumed  from 
the  results  of  Duddell  and  Taylor  and  Tissot  that  the  received 
currents  would  be  inversely  proportional  to  the  distance  provided 
no  absorption  existed.  The  observed  curve  indicated  that  this 
was  approximately  true  up  to  a  point  between  100  and  200  miles, 
but  beyond  this  point  the  currents  evidently  dropped  much  more 
rapidly.  The  simplest  assumption  in  regard  to  absorption  is  that 
it  is  proportional  to  the  distance.  Joining  this  to  the  Duddell  and 
Taylor  law  we  have  as  an  expression  for  the  received  current 

lK  =  ~e-^^  (I) 

where  d  is  the  distance,  K  the  received  current  at  unit  distance, 
e  the  base  of  the  natural  logarithms,  and  A  a  constant.  Dr.  Louis 
Cohen  of  the  National  Electric  Signaling  Co.,  while  testing  the 
validity  of  this  formula  made  the  discovery  that  A  was  inversely 
proportional  to  the  square  root  of  the  wave  length  within  the 

limits  of  accuracy  of  the  observations.    Then,  writing  A——p  the 

^q)ression  becomes 

I.«~e-Vi  (2) 

a  is  the  absorption  coefficient  and  in  these  experiments  equals 
o.ooi  5,  the  distance  and  wave  length  being  expressed  in  kilometers. 
Tables  VII  to  XI  contain  a  comparison  of  the  calculated  values 
with  those  taken  from  the  smoothed  observation  curves.  It  is 
seen  that  the  agreement  is  exceedingly  good  in 'the  case  of  the 
signals  between  the  Birmingham  and  the  Salem  and  those  of  the 
Salem  received  at  Brant  Rock.  In  the  case  of  the  signals  between 
Brant  Rock  and  the  Birmingham,  however,  the  observed  values 
fall  somewhat  below  the  calculated,  from  300  to  600  miles.  As 
the  observed  curve  has  the  same  form  both  for  the  signals  received 
on  the  Birmingham  and  those  received  at  Brant  Rock  the  diver- 
gence is  probably  not  accidental,  and  is  probably  due  to  a  tem- 
porary increase  of  absorption  accompanying  a  marked  change  in 
the  weather  at  about  this  time.  The  effect  is  not  observed  in  the 
Salem  signals  received  at  Brant  Rock  because  the  Salem  at  this 
time  had  not  attained  a  great  enough  distance  to  make  the  absorp- 
tion play  an  important  part. 
83226°— II 2 
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TABLE  IX 


"Salem"  Received  at  Biant  Rock,  July 


d 

ITwi 

K- 

-lOOOm 

-  490000  ia-«  Amp. 

23  Amp. 

!750^ 

170000 .10^  Amp. 

Houtkal 
Mites 

K 

d 

10^  Amp. 

1r 

10-1  Amp. 

K 

d 

10->Amp. 

1e 

10^  Amp. 

Obs. 

CaL 

Obs. 

Gal. 

20 

37 

13250 

12000 

12500 

4595 

4500 

4460 

50 

92.5 

5300 

4700 

4610 

1838 

1800 

1710 

100 

185 

2650 

2200 

2000 

919 

850 

800 

150 

278 

1760 

1200 

1170 

612 

500 

495 

200 

370 

1325 

750 

760 

459 

330 

344 

300 

555 

883 

370 

382 

306 

190 

198 

400 

740 

662 

200 

218 

230 

115 

129 

500 

925 

530 

130 

132 

184 

88 

90 

TABLE  X 


TABLE  XI 


Salem  Recdved  on  Birmingham, 

July 


Bismingham  Received  on  Salem, 

July 


d 
Km 

I.—  27  amp. 
jla.  1000  m. 
K- 230000  10-«  amp. 

Naottaftl 
BCUes 

K 

d 
10-«amp. 

10-camp. 

Obs. 

CaL 

20 
50 
100 
200 
300 
400 
500 
600 
800 
1000 

37 
92.5 

185 

370 

555 

740 

925 
1110 
1480 
1850 

6220 
2486 
1243 
622 
414 
311 
249 
207 
155 
124 

325 
165 
95 
65 
45 
19 
10 

5880 
2160 
941 
357 
179 
102 
62 
39.4 
17.1 
7.5 

d 

Km 

I«-33amp. 
i— 1000  m. 
K- 185000 10-«aiiv. 

Nautical 
Mltoa 

• 

K 

d 

10-*  amp. 

1b 

io-«amp. 

Otw. 

Cal. 

20 
50 
100 
200 
300 
400 
500 
600 
800 
1000 

37 
92.5 

185 

370 

555 

740 

925 
1110 
1480 
1850 

5000 
2000 
1000 
500 
333 
250 
200 
167 
125 
100 

260 
130 
75 
50 
35 
16 
10 

4730 
1740 
757 
287 
144 
82.4 
49.9 
31.7 
13.8 
6.2 
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The  curves  of  figures  3  to  10  give  the  results  in  graphic  form. 
The  dotted  line  gives  the  strength  of  signal  which  would  have  been 
received  if  the  K/d  law  had  obtained;  that  is,  if  there  had  been  no 
absorption.  The  continuous  curve  gives  the  theoretical  day  values 
as  calculated  from  equation  2,  while  the  individual  observations 


1Cr<  AMP. 
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Fig.  3 

are  represented  by  crosses.  Observations  taken  by  the  deflection 
method  are  indicated  by  circles  around  the  crosses,  while  night 
observations  are  accompanied  by  the  letter  N.  It  is  seen  that  the 
day  observations  correspond  approximately  to  the  values  of  the 
calculated  curve,  but  that  the  night  signals  are  entirely  irregular, 
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being  in  general  stronger  than  the  day  signals,  as  was  first  observed 
by  Marconi.  Sometimes  they  lie  close  to  the  K/d  curve,  indicating 
that  the  absorption  has  disappeared,  while  at  others  they  are 
practically  of  the  same  strength  as  the  day  readings.  In  a  very 
few  cases,  night  signals  were  observed  considerably  stronger  than 
the  calculated  value  for  zero  absorption,  but  these  may  very 


BIRMINGHAM  RECEIVED  AT  BRANT  ROCK,  JULY  1910 


100   200   300   400   500 


Fig.  4 


1000  MILES 


probably  be  due  to  errors  of  observation,  since  it  is  not  observed 
that  the  remarkable  strength  of  signal  is  reciprocal  between  the 
two  stations.  If  the  observations  are  genuine,  however,  it  would 
perhaps  indicate  some  kind  of  reflection  from  the  upper  layers  of 
the  atmosphere. 
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THE  CAUSE   OF  THE  ABSORPTION 

According  to  the  calculations  of  Zenneck/®  the  conductivity  of 
air  at  moderate  heights  can  not  explain  the  magnitude  of  the 
observed  absorption,  neither  can  the  sea-water  absorption  be  of 

"  BRANT  ROCK  RECEIVED  ON  BIRMINGHAM,   JULY,  1910 
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the  proper  magnitude,  according  to  the  same  author.  But  as  the 
wave  front  at  any  considerable  distance  from  the  sending  sta- 
tion must  extend  far  into  the  upper  layers  of  the  atmosphere,  it 
does  not  seem  improbable  that  this  is  the  region  of  absorption.     If 


'^Zenneck,  Ann.  d.  Phys.,  28,  p.  846;  1907. 
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the  conductivity  is  increased  by  the  sun's  rays  at  these  heights, 
this  would  also  explain  the  differences  in  the  strength  of  the  day 
and  night  signals.  The  observations  would  indicate,  if  this  expla- 
nation is  true,  that  the  excessive  ionization  may,  especially  in 
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summer,  persist  through  many  nights.  The  general  experience 
of  wireless  telegraphy  would  indicate  that  during  the  colder  months 
the  absorption  dies  out  more  imiformly  at  night.  The  day 
absorption  appears  from  the  data  obtainable  to  be  fairly  uniform 
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throughout  the  year,  at  least  in  the  portion  of  the  ocean  covered 
by  our  observations,  although  there  are  undoubtedly  variations 
at  times,  as  has  been  already  mentioned  in  regard  to  the  Birming- 
Aam-Brant  Rock  signals.    There  are  well-authenticated  instances 
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Fig.  7 


when,  for  a  day  or  two,  the  absorption  seems  to  nearly  disappear 
in  the  daytime.  A  case  in  point  is  that  of  the  long-distance  day 
signals  between  the  Birmingham  and  Brant  Rock  on  the  return 
voyage  from  Liberia  mentioned  on  page  351. 
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SUPPLEMENTARY   MEASUREMENTS 

PROPORTIONALITT  OF  SEHTDING  AND  RECEIVING  CURRENTS 

It  was  thought  possible  that  when  the  antennas  were  used  with 
the  highest  power,  especially  at  the  longer  wave  lengths,  there 
might  be  losses  of  energy,  either  by  brushing  or  by  leakage  over 
the  insulators,  which  might  destroy  the  proportionality  between 
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sending  antenna  current  and  received  antenna  current.  To  settle 
this  question,  the  station  at  Brant  Rock  sent  with  varying  powers 
at  a  wave  length  of  3750  meters.  The  signals  were  received  on 
the  antenna  at  the  Bureau  of  Standards  at  Washington,  D.  C, 
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380  miles  away.  The  receiving  antenna  was  of  the  harp  form, 
180  feet  high  at  top,  40  feet  high  at  bottom,  and  18  feet  wide,  with 
8  wires.  The  capacity  was  approximately  0.0012  microfarad. 
A  chalcopjoite  zinkite  rectifier,  with  a  sensitive  galvanometer, 
was  connected  in  a  tuned  secondary  circuit  coupled  to  the  antenna 
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inductance  so  as  to  give  maximum  deflection,  the  circuits  being 
those  shown  under  circuit  A  in  Fig.  i.  The  results  are  shown  in 
the  curve  of  Fig.  1 1 .  The  galvanometer  deflections  are  propor- 
tional to  the  square  of  the  current,  hence  the  square  roots  of  the 
deflections  expressed  in  microamperes  of  received  antenna  current 
are  compared  with  the  sending  antenna  current  at  Brant  Rock. 
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The  proportionality  is  fairly  good.  It  is  possible  that  in  the  changes 
of  adjustment  of  the  circuits  at  Brant  Rock  the  ttining  became 
somewhat  deranged,  or  that  the  change  of  the  coupling  at  Brant 
Rock  produced  a  change  in  the  damping  of  the  waves,  which  was 
not  compensated  for  by  a  change  in  the  coupling  at  Washington. 
A  few  observations  were  taken  at  Brant  Rock  on  signals  sent 
from  the  Birmingham  when  coming  into  Newport,  R.  I.,  both  at 
wave  lengths  of  1000  meters  sind  3750  meters.  From  these  it 
was  concluded  that  there  was  no  marked  overloading  of  the  sending 
antenna,  although  there  were  slight  indications  in  this  direction 
at  the  wave  length  of  3750  meters. 

THE  EFFECT  OF  ANTENNA  HEIGHT  AND  WAVE  LENGTH 

IN  SENDING  AND  RECEIVING 

At  the  close  of  the  test  with  the  scout  cruisers,  a  flat  top  antenna 
was  erected  at  Plymouth,  1 1  miles  from  Brant  Rock,  for  the  pur- 
pose of  investigating  the  relationship  of  height  of  antenna  and 
wave  length  to  sending  and  receiving.  Except  for  a  narrow  sand 
spit  the  whole  path  of  the  waves  between  the  two  stations  lay 
over  water.  The  antenna  was  swung  between  two  noninsulated 
steel  masts  in  order  to  reproduce  as  fully  as  possible  the  conditions 
on  board  ship.  The  Plymouth  antenna  had  a  length  of  1 10  feet 
and  consisted  of  1 1  wires  2  feet  apart.  The  capacity  was  approxi- 
mately o.ooi  microfarad.  The  Plymouth  station  was  furnished 
with  a  2-kilowatt,  500-cycle  Fessenden  sending  set,  and  a  some- 
what larger  500-cycle  set  used  at  Brant  Rock.  The  currents  were 
measured  at  both  stations  by  means  of  15-ohm  thermoelements 
with  galvanometers  as  described  on  page  317.  The  experiments 
were  begun  by  my  assistants,  but  were  completed  by  Dr.  Cohen 
of  the  National  Electric  Signalling  Co. 

SEITDING 

Table  XII  gives  the  results  of  observations  taken  by  Dr.  Cohen 
and  his  assistants,  Plymouth  being  the  sending  station  and  Brant 
Rock  the  receiving.  This  table  is  for  the  most  part  self-explana- 
tory. The  deflections  of  the  galvanometer  connected  to  the 
thermoelement  are  proportional  to  the  square  of  the  current,  so 
that  the  square  roots  of  these  deflections  are  taken  as  proportional 
to  the  current  itself.    The  deflections  are  in  arbitrary  units.    For 
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comparison,  the  square  roots  of  the  deflections  were  reduced  to  a 
uniform  sending  antenna  current.  These  values  are  given  under 
Ib  in  the  next  to  the  last  coltmm,  while  the  last  column  gives  this 
quantity  divided  by  the  height.     Although  there  is  considerable 

TABLE  XII 

Hymott^  Received  at  Brant  Rock 

Jl=390om 


Antemui 

Plymoutli 

h 

Is 

DsflMtton  RsoslvlBg 
D 

Ir 
—  Vd  rMlaoed 
to  Ig— 4.7  amp. 

Ir 
h 

80  ft. 

4.7  amp. 

62.3 

7.9 

0.099 

70 

4.6 

34 

5.95 

.085 

60 

4.7 

30.3 

5.5 

.092 

50 

4.85 

24.1 

4.76 

.095 

40 

4.9 

15.6 

3.79 

.095 

30 

5.1 

7.4 

2.51 

.084 

^=1585  m» 


h 

la 

D 

Ir 
(Ig— 5.5  amp.) 

Ir 

h 

70  ft. 

5.5  amp. 

292 

17.1 

0.244 

60 

5.5 

198 

14.1 

.235 

50 

5.65 

110.7 

10J2 

.204 

40 

6.05 

84 

8.32 

.207 

30 

6.3 

62 

6.88 

.229 

h=8oft. 
35  ohms  added  in  receiving  antenna 


X 

la 

1 

D 

Ir 
(18-4.2  amp.) 

IbXA 

3900  m. 

4.2  amp. 

4.0 

2.0 

7800 

2980 

4.5 

8.3 

2.69 

8030 

2400 

4.75 

13.6 

3.26 

7830 

1985 

5.1 

26.3 

4.22 

8400 

Shorter  wave  lengths  were  not  used  on  account  of  the  long  natural  wave  length  of  the 
Brant  Rock  station. 
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variation  in  the  values  of  this  column  it  is  evident  that  there  is  no 
systematic  variation,  and  for  the  individual  wave  lengths  we  must 
consider  that  the  received  current  is  proportional  to  the  height 
of  the  sending  flat-top  antenna.  The  receiving  antenna  was  tuned 
by  means  of  a  variable  inductance  in  series  with  the  thermo- 
element. 

In  the  last  section  of  Table  XII  the  results  show  the  variation 
with  wave  length,  and  in  this  case  the  equivalent  received  current 
is  multiplied  by  the  wave  length  and  the  product  is  seen  to  be 
approximately  constant.  Thirty-five  ohms  was  introduced  into 
the  receiving  antenna  to  nullify  the  changes  in  the  resistance  of 
the  inductance  during  the  process  of  tuning.  This  table  shows 
that  the  received  antenna  current  is  proportional  to  the  height 
of  the  sending  attenna  and  mversely  proportional  to  the  wave 
length. 

RECEIVING 

Table  XIII  gives  similar  data  in  regard  to  the  Plymouth  antenna 
used  for  receiving,  the  sending  station  being  Brant  Rock.  This 
table  shows  that  the  same  relationship  holds  for  receiving  as  for 
sending;  that  is,  for  a  constant  sending  antenna  height  and  cur- 
rent the  received  current  is  proportional  to  the  height  of  the 
receiving  antenna  and  inversely  proportional  to  the  wave  length." 

While  it  appears  that  the  sending  and  receiving  relations  for  a 
flat-top  antenna  are  reciprocal,  this  is  apparently  not  the  case  for 
an  tunbrella  antenna.  It  is  seen  from  the  observations  that  the 
scout  cruisers,  sending  with  10  kilowatts,  were  received  at  Brant 
Rock  with  almost  the  same  strength  as  that  with  which  Brant 
Rock,  sending  with  60  kilowatts,  was  received  on  the  cruisers. 
Comparing  the  strength  of  the  sending  and  receiving  currents,  it 
appears  that  the  umbrella  antenna  at  Brant  Rock  for  sending  is 
only  equivalent  to  a  flat-top  antenna  170  feet  high,  which  is  not 
far  from  the  height  of  the  lower  ends  of  the  umbrella,  while  for 
receiving  its  equivalent  height  is  much  greater.  A  few  experi- 
ments have  also  been  made  on  an  umbrella  and  flat  top  at  Ply- 
mouth, which  also  showed  that  an  umbrella  is  a  better  receiver 
than  radiator. 

'*This  will  not  strictly  hold  in  the  case  where  the  radiation  resistance  of  the 
receiving  antenna  is  comparable  with  the  rest  of  the  antenna  resistance.  See 
R.  Ruedenberg,  Ann.  d.  Phys.,  25,  p.  446;  1908. 
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Uniting  the  experimental  data  contained  in  the  last  two  tables 
with  the  data  obtained  from  the  experiments  with  the  cruisers, 
we  may  write  an  equation  which  will  cover  the  normal  day  received 
current  over  salt  water  through  25  ohms  for  two  stations  with  flat- 
top antennas  of  any  height,  with  any  value  of  sending  current 
and  any  wave  length,  provided  the  sending  station  is  so  coupled 
as  to  give  but  one  wave  length. 
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We  may  write  this  equation  as  follows : 

where  I»  represents  the  current  received  through  25  ohms  resist- 
ance, Is  the  sending  current,  h^  the  height  of  one  antenna,  h,  that 
of  the  other,  d,  the  distance  between  the  stations,  and  X  the  wave 
length,  where  all  the  lengths  are  taken  in  kilometers  and  the  cur- 
rents in  amperes,  ct  is  the  absorption  coeflBcient,  which  in  our 
experiments  was  found  to  be  equal  to  0.0015.    This  disregarding 

_ad 

the  absorption  term  e  Vx'  corresponds  in  form  to  the  Herzian 
equation  for  the  electromotive  force  in  a  vertical  resonator  at  a 
distance  from  the  oscillator. 

TABLE  XIV 

Calculated  Relation  between  Antenna  Current  and  Distance  for  Two  Ships 

with  Antenna  Heights  of  130  Feet 

Jl=iooo  m 
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90  miles 

180 
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630 

900 
1350 
1800 
2250 
2700 
3600 
4500 
5400 

200  miles 

300 

375 

475 

550 

630 

725 

790 

840 

900 
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1150 

360  miles 
720 
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1800 

2520 

3600 

5400 

7200 

9000 
10600 
14400 
18000 
21600 

In  our  formula  the  constant  4.25  applies  strictly  only  to  ship 
antennas  with  the  same  losses  due  to  masts,  rigging,  etc.,  both 
in  sending  and  receiving,  as  found  on  the  scout  cruisers.  On 
other  ships  the  value  of  the  constant  might  probably  dijffer  by  as 
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much  as  30  per  cent  tinder  ordinary  conditions.  This  difference 
in  the  value  of  the  constant  does  not,  however,  make  a  very  great 
difference  in  the  range  of  commtmication,  although  for  short 
distances  it  would  make  a  considerable  difference  in  the  loudness 
of  signal.  To  show  the  variation  in  range  of  communication  with 
different  antenna  currents,  Table  XIV  is  given,  showing  the  range 
of  commtmication  between  two  flat  top  antennas  130  feet  high 
at  a  wave  length  of  1000  meters  for  various  values  of  the  sending 
antenna  current,  assmning  that  40X10"^  ampere  assures  good 
communication.  A  quarter  of  the  mdicated  current  would  pro- 
duce audible  signals  under  favorable  conditions.  The  table  shows 
how  very  slowly  the  range  increases  with  increasing  sending  cur- 
rent. Increasing  the  current  from  30  to  60  amperes  increases  the 
distance  only  from  565  miles  to  about  725  miles,  while  even  with 
10  amperes,  corresponding  to  a  moderately  efficient  2-kilowatt  set, 
345  miles  is  easily  reached. 

In  columns  3  and  5  are  given  the  distances  attainable  for 
regular  commtmication  and  audibility  on  the  asstmiption  that 
there  is  no  atmospheric  absorption;  that  is,  the  extreme  range  of 
night  commtmication." 

TABLE  XV 

Good  Working  Distance  and  Sending  Current  for  Two  Stations  with  Flat 

Top  Antennas  450  Feet  High 


ITaisticia  MUM 

A- 1000  m 

A-2500]n 

A-37S0]n 

A- 6000  m 

1000 

15  amp. 

13.5  amp. 

15  amp. 

17  amp. 

1250 

38 

27 

27 

30 

1500 

91 

49 

44 

46 

1750 

200 

95 

77 

74 

2000 

490 

155 

122 

105 

2250 

245 

200 

160 

2500 

470 

314 

235 

2750 

500 

335 

3000 

775 

500 

In  Table  XV  is  given  the  estimated  day  range  of  two  large 
stations  with  flat-top  antennas  450  feet  high  for  various  antenna 

^'  Excluding  the  possibility  of  the  effects  of  reflection  from  the  upper  atmosphere. 
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currents  and  four  wave  lengths.  The  table  shows  the  great 
advantage  of  long  wave  lengths  for  very  distant  stations.  It  is 
seen  that  for  good  communication  at  a  distance  of  2500  miles 
not  less  than  240  amperes  "  must  be  used  at  a  wave  length  of 
6000  meters,  though  one-fourth  of  this  would  be  audible. 

For  the  purpose  of  easily  calculating  the  probable  day  working 
distance  for  various  sending  currents,  heights,  and  wave  lengths 
according  to  equation  (3)  Tables  XVI  and  XVI-A  are  given. 
Table  XVI  gives  the  current  which  may  be  expected  to  be  received 
through  25  ohms  for  an  antenna  height  at  both  stations  of  130 
feet  and  a  sending  antenna  current  of  30  amperes.  Table  XVI-A 
gives  the  sending  currents  which  will  be  required  for  various 
heights  of  the  sending  and  receiving  antennas  h^  and  A,  to  give 
the  values  of  the  received  currents  as  shown  in  Table  XVI.  To 
determine  the  current  which  will  be  received  for  any  antenna 
height,  wave  length,  and  distance  for  a  given  sending  current, 
multiply  the  value,  given  in  Table  XVI  for  the  given  distance  and 
wave  length,  by  the  given  current,  divided  by  the  value  of  Is  in 
Table  XVI-A  for  the  given  antenna  heights."  In  Table  XVI  it 
may  be  assumed  that  40  X  io~^  ampere  insures  good  communica- 
tion and  that  10  X  lo"^  ampere  is  just  audible. 

''  From  the  experience  of  the  Marooni  transatlantic  stations  it  would  appear  possible 
that  for  the  same  antenna  current  the  distances  given  in  the  table  could  be  obtained 
with  a  smaller  antenna  height  provided  a  bent  antenna  were  used. 

'^  E»tmple:  If  hi=3oo  feet,  112=130  feet,  X^too  meters,  distanceB500  miles,  and 
Ib»i3  amperes,  then  lB»6o.2Xia/z9.5~37.oXio~*  ampere.  The  above  tables  have 
been  given  in  this  convenient  form  for  calculation  largely  with  the  hope  that  they  will 
be  tested  by  the  experience  of  the  various  wireless  companies.  It  is  very  common 
in  wireless  stations  to  have  an  antetma  meter  for  the  measurement  of  the  sending 
current.  When  this  is  used  with  a  shunt,  the  multipl^ng  value  of  the  shunt  for  ^e 
given  freauency  may  easily  be  obtained  by  connecting  a  like  unshtmted  hot-wire 
meter  in  tne  antenna  in  series  with  the  regular  iiistrument  and  sending  with  reduced 
power  so  that  the  needle  of  the  unshtmted  meter  just  remains  on  the  scale.  The  ratio 
of  the  reading  of  the  two  meters  then  gives  the  multiplying  value.  When  only  one 
meter  is  available  an  approximate  calibration  may  be  obtained  by  sending  with 
reduced  power  and  observing  the  reading  of  the  meter  without  the  shunt  and  then 
with  the  shunt  coxmected.  Of  course  this  calibration  must  be  carried  out  with  the 
same  wave  length  used  in  regular  work.  The  range  of  good  daylight  commtmication 
with  another  mit-top  antenna  of  known  height  over  sea  water  can  be  compared  with 
the  values  in  the  table  for  the  ^iven  wave  leneth,  distance,  and  sending  current, 
provided  the  sending  station  radiates  but  a  single  wave  length.  If  the  equation  is 
correct,  the  tables  should  indicate  a  current  of  nom  20  to  40  microamperes. 
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OTHER  LONG-DISTANCE  WORK 

In  all  of  the  experiments  with  the  cruisers  excepting  those  car- 
ried on  during  the  month  of  July  the  calculated  received  currents 
at  unit  distance  were  estimated  from  the  ratio  dl  the  sending  cur- 
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rents  to  those  observed  at  the  corresponding  stations  in  July ,  accotmt 
of  course  being  also  taken  of  the  change  in  antenna  heights  on  the 
cruisers  from  112  feet  to  130  feet  after  the  close  of  the  December 
tests.  This  calculation  is  somewhat  arbitrary,  since  there  were 
many  changes  in  the  arrangement  of  the  apparatus  which  very 
probably  had  an  influence  on  the  efl&ciency  of  the  sets.    Taking 


Experiments  in  Long-Distance  Radiotelegraphy 


347 


all  this  into  account,  the  results  of  these  earlier  tests  can  not  by 
any  means  be  considered  to  have  the  same  weight  as  those  in 
July.  But  as  it  is  desirable  to  obtain  all  the  light  possible  on  the 
validity  of  the  transmission  formula,  the  following  observations 
are  given. 
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Fig.  13 

DECEMBER  EXPERIMENTS 

The  December  experiments  were  made  shortly  after  the  instal- 
lation of  the  sets  on  the  cruisers,  the  Birmingham  taking  an  easterly 
course  from  Provincetown,  while  the  Salem  sailed  to  the  south- 
ward. At  the  greatest  distance  attained  the  two  ships  were  distant 
from  each  other  and  from  Brant  Rock  approximately  looo  miles. 
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The  arrangement  of  the  apparatus  on  the  cruisers  was  highly 
unsatisfactory,  largely  on  account  of  lack  of  space.  In  addition 
to  this  the  weather  was  extremely  tempestuous  much  of  the  time. 
In  the  light  of  all  this,  it  is  not  surprising  that  the  observed 
received  currents  fell  below  the  calculated  values. 

The  results  are  shown  in  the  curves  of  Figs.  12  to  19." 


MP. 

BRA 

NT  RO 

CK  RE( 

CEIVED  ON  BIRMINGHAM. 

1      1 

DEC. 

1909 

700 

Ig.47  AMP.X-1500  M 

X  DAY  OBSERVATIONS 

600 

»  NIGHT 

1 

\ 

1 

1 
t 
1 

500 

1 

lo 

\ 

\ 
\ 
\ 
\ 

400 

1 

% 

> 

0 

3UU 
9nn 

\ 

\ 

\, 

JVn 

\ 

•\ 

>fc^ 

100 

\ 

V 

^^*. 

-. 

X 

\ 

X 

X 

1 

1 

N 

— . 

100   200   300   400 


700   800   900   1000  MIUES 


500   600 
Fig.  14 

MARCH  EZPERIMBNTS 

In  March  the  Birmingham  was  sent  to  Liberia,  and  during  the 
voyage  current  measiu'ements  were  made  on  the  ship  and  at  Brant 
Rock.     The  results  are  shown  in  Figs.  20  to  23. 

>' Neither  of  the  cruisers  was  able  to  take  any  satisfactory  measurements  on  the 
3750-meter  wave. 
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In  some  of  the  curves  it  is  seen  that  the  observations  are  exceed- 
ingly irregular,  the  day  signals  showing  as  much  variation  as  the 
night  signals  during  the  July  tests.  In  addition  to  the  observa- 
tions shown  on  the  curves,  faint  day  signals  from  the  Birmingham 
were  received  at  Brant  Rock  at  a  distance  of  1325  miles,  and 
again  at  1720  miles,  while  the  Brant  Rock  short  wave  was  received 

SALEM  RECEIVED  AT  BRANT  ROCK.    DEC.  1909 


900       1000  MILES 


Fig.  15 


faintly  on  the  Birmingham  at  1325  miles.  All  of  these  observa- 
tions are  beyond  the  range  of  calculated  day  audibility  and  show 
that  there  was  an  abnormally  low  absorption  on  these  days. 

Night  signals  during  this  voyage  were  also  heard  at  times  at 
great  distances,  the  Brant  Rock  short  wave  being  received  on  the 
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Birmingham  at  2550  miles,  while  on  the  same  night  both  waves 
from  the  Birmingham  were  received  at  Brant  Rock. 

MAT  EZPERIMBNTS 

During  the  month  of  May  the  Birmingham  returned  from  Liberia 
to  Hampton  Roads,  and  the  results  of  the  telephone  observations 
taken  during  this  voyage  are  shown  in  figures  24  to  27. 
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Fig.  16 


Within  the  range  covered  by  the  curves  the  day  observations 
are  not  as  irregular  as  during  the  March  voyage,  although,  as  was 
also  the  case  in  March,  some  of  the  night  observations  lie  above 
the  curve  calculated  for  zero  absorption.  As  has  already  been 
said  in  describing  the  July  experiments,  these  may  be  due  to 
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errors  of  observation,  or  possibly  to  some  kind  of  reflection  from 
the  upper  atmosphere.^*  Beyond  the  range  of  the  cmves  abnor- 
mal signals  were  again  observed,  faint  day  signals  of  the  Brant 
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Fig.  17 

Rock  long  wave  being  received  on  the  Birmingham  at  2330  miles, 

M  There  can  be  no  doubt  that  at  times  something  of  the  nature  of  a  reflection  of  signals 
from  the  upper  atmosphere  takes  place.  During  the  past  winter  the  Norfolk  station 
sending  at  a  wave  length  of  1000  meters  and  with  an  antenna  current  of  10  or  za 
amperes  and  antenna  height  below  aoo  feet  was  distinctly  heard  at  night  at  the  Mare 
Island  Navy  Yard  in  San  Francisco,  a  distance  of  approximately  2000  nautical  miles 
across  the  continent.  Although  it  is  possible  that  over  sea  water  a  clearing  up  of  the 
atmospheric  absorption  would  have  explained  this  phenomenon,  when  we  take  into 
account  the  ground  absorption  which  is  probablv  independent  of  day  and  night  and 
generally  much  greater  than  the  atmospheric  aosorption,  this  explanation  becomes 
untenable. 
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and  the  short  wave  at  1305  miles.  Night  signals  from  Brant 
Rock  were  first  received  at  2776  miles  and  were  heard  without 
interruption  from  that  point  on.  Both  waves  from  the  Birming- 
ham  were  received  faintly  in  the  daytime  at  Brant  Rock  at  2090 
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Fig.  18 

miles,  and  the  long  wave  again  at  131 5  miles,  no  other  day  signals 
being  received  imtil  the  distance  was  reduced  to  815  miles.  Night 
signals  were  received  by  Brant  Rock  from  the  Birmingham  first 
at  2418  miles  and  continued  nightly  for  the  rest  of  the  voyage, 
though  very  irregular  in  intensity.    This  remarkable  continuation 
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of  long  range  night  communication  must  be  considered  exceptional 
so  late  in  the  year,  though  perhaps  it  would  not  be  so  considered 
in  midwinter. 
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TORPEDO-BOAT  TESTS 


In  order  to  test  the  validity  of  equation  (3)  for  very  short  wave 
lengths  and  small  antennas,  the  torpedo  boats  Stringham  and 
Bailey  were  detailed  to  carry  out  a  series  of  tests  in  Chesapeak<&  Bay 
during  the  month  of  November,  19 10.    The  two  boats  were  fitted 
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with  small  1 20-cycle  directly  connected  sending  sets  which,  how- 
ever, could  be  coupled  loosely  enough  so  that  but  one  wave  length 
was  radiated.  The  flat-top  antenna  of  the  Bailey  consisted  of 
four  wires  2  feet  apart,  80  feet  long,  32  feet  above  the  water.    The 
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Fig.  20 

antenna  capacity  was  0.000875  microfarad ;  the  closed  circuit  con- 
denser consisted  of  Leyden  jars  in  air  having  a  capacity  of  0.015 
microfarad.  The  length  of  the  wave  radiated  by  the  Bailey  was 
280  meters. 
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The  antenna  of  the  Stringham  consisted  of  four  wires  2  feet 
apart,  1 35  feet  long,  and  48.5  feet  above  the  water.  Its  capacity  was 
0.00134  microfarad.  The  closed  circuit  condenser  was  the  same 
as  that  of  the  Bailey.  The  length  of  the  Stringham' s  radiated  wave 
was  340  meters.    The  receiving  apparatus  of  both  boats  was  of 
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the  latest  inductively  coupled  type,  and  perikon  detectors  were 
used  which  were  standardized  by  comparison  with  electrol3rtic 
detectors,  which  experiments  have  shown  to  have  a  constant  sen- 
sitiveness when  properly  adjusted.  The  ratio  of  current  sensi- 
tiveness of  the  electrolytic  to  the  perikon  in  both  cases  was  approxi- 
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mately  i .  1 2.  The  telephones  on  both  boats  were  of  approximately 
the  same  sensitiveness  and  were  of  2000  ohms  resistance  with  an 
inductive  resistance  mider  working  conditions  of  about  4000  ohms. 


10-«AMP. 


700 


600 


500 


400 


300 


200 


100 


BRANT  ROCK  RECEIVED  ON  BIRMINGHAM.  MARCH,1910 


Ia-76.S  AMR  X-37sb  M 

)(  DAY  OBSERVATIONS 

^   Nl 

GHT 

II 

I 

\ 
\ 
\ 

yc 

■ 

\% 

i   ^s 

V] 

^- 

W-, 

N?. 

\i 

V 
\ 

V- 

\ 
\ 

Vft      ^ 

1 

\ 

LJl 

\ 

^ 

'\ 

^--, 

'--^^ 

^*  a 

N 

« 

» 

S^ 

N 
X 

"' 

XX 

Xi 

; 

^ 

_JI     ^ 

100       200       300      400       500       600       700      800       900      1000  MILES 

FiK.23 

The  observations  of  these  tests,  shown  in  Table  XVII,  were  taken 
with  great  care,  the  engines  being  stopped  during  the  time  of 
observation.     Each  one  is  the  mean  of  a  ntunber  of  readings. 

In  the  last  coltunn  are  given  the  received  currents  averaged  for 
both  boats  corrected  to  a  sending  current  of  7.2  amperes  and  to 
the  readings  of  the  electrol3rtic  detector.     In  Fig.  28  is  shown  the 
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curve  as  calculated  from  Table  XVI  Ux  antenna  heights  of  37.5 
feet,  a  sendmg  current  of  7.2  amperes,  and  a  wave  length  oi  300 
meters.  The  agreement  is  remarkable,  considering  the  fact  that 
the  table  from  which  the  theoretical  ctu^e  was  calctilated  was 
based  on  data  derived  from  ships  with  130-foot  masts  working  at 
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a  wave  length  of  1000  meters  and  employing  a  spark  frequency  of 
1000  per  second.  These  results  show,  as  has  often  been  observed 
in  our  laboratory,  how  little  the  ratio  of  sending  currents  and 
received  signals  depends  on  the  spark  frequency,  the  telephones 
apparently  never  showing  the  added  sensitiveness  for  high  fre- 
quencies exhibited  in  the  case  of  sintisoidal  alternating  currents. 
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SUMMARY  AND   CONCLUSIONS 

Quantitative  measurements  have  been  carried  out  in  long  dis- 
tance wireless  telegraphy  up  to  looo  miles  for  the  purpose  of 
determining  the  law  of  the  variation  of  strength  of  signal  with 
distance. 
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Supplementary  work  was  also  done  on  the  effect  of  height  of 
antenna  and  wave  length  on  sending  and  receiving. 

The  results  are  given  briefly  as  follows: 

(a)  Over  salt  water  the  electrical  waves  decrease  in  intensity  in 

proportion  to  the  distance  as  found  by  Duddell  and  Taylor.     In 

addition  they  are  subject  to  an  absorption  which  varies  with  the 
83226**— II — ^4 
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wave  length  and  which  may  be  expressed  mathematically  by  the 
term  e"^^. 

The  complete  expression  for  the  received  cmrent  is  then 

(2)     I,  =  |e-^* 
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This  is  true  in  general  for  day  transmission.  The  absorption  at 
night  is  entirely  irregular  varying  from  zero  to  the  day  value,"  but 
is  on  an  average  much  less  during  the  winter  than  in  siunmer. 

"  The  mat  variations  in  night  absorption  make  useless  all  attempts  to  judge  the 
quality  of  wireless  apparatus  from  night  distances.  For  this  purpose  only  observationa 
on  the  average  day  range  have  any  value. 
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Variations  also  appear  to  occur  during  the  da3rtime,  but  these  are 
probably  in  general  small. 

(6)  The  received  antenna  currents  between  two  stations  with 
salt  water  between  are  proportional  to  the  product  of  the  heights  *• 
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of  the  sending  and  receiving  antennas  and  inversely  proportional 
to  the  wave  length,  provided  the  antenna  resistances  remain  con- 
stant.    These  experiments  were  carried  on  with  flat-top  antenna 

''  The  experiments  indicate  that  for  the  greatest  efficiency  of  a  flat-top  antenna  the 
vertical  lead  wires  should  be  bunched  so  as  to  reduce  their  capacity  as  much  as  possible 
and  ooncentrati  llie  capacity  at  the  greatest  height. 
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heights  of  from  30  to  80  feet  and  wave  lengths  from  approximately 
1500  to  4000  meters. 

(c)  Taking  accomit  of  the  influence  of  antenna  height  and  wave 
length  equation  (2)  may  be  extended  and  a  general  day  trans- 
mission formula  written  as  follows 

T    t,    t,         0.0015  d 

(3)     I.  =  4.25^i^'e-^^ 
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where  the  currents  are  given  in  amperes  and  all  lengths  in  kilo- 
meters."   This  formula  has  been  tested  for  sending  currents  from 

'*  From  this  it  would  appear  that  it  is  advisable  to  rate  stations  according  to  the 
magnitude  of  ^e  antenna  current,  or  perhaps  better,  according  to  the  product  of  the 
current  into  the  height. 
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7  to  30  amperes  antenna  heights  37  to  130  feet,  wave  lengths  from 
300  to  3750  meters,  and  distances  up  to  1000  nautical  miles. 

In  regard  to  the  value  of  the  day  absorption  it  is  only  possible  to 
say  that  the  above  expression  is  satisfied  within  the  limits  of  error 
of  the  observations.  It  is  quite  possible  that  when  observations 
are  made  at  distances  of  2000  to  3000  miles,  the  value  of  the 
absorption  coefficient  will  have  to  be  corrected  by  10  or  even  20 
per  cent,  as  this  amount  of  error  could  exist  without  discovery  at 
the  distances  covered  in  these  experiments.  It  is  also  possible  that 
the  square  root  law  relating  the  absorption  with  the  wave  length 
is  only  an  approximation. 

U.  S.  Navai^  Wirei^ESS  Tei^Egraphic  Laboratory, 
Washington,  February  i,  i^ii. 


THE  BEHAVIOR  OF  HIGH-BOIUNG  MINERAL  OILS  ON 

HEATING  IN  THE  AIR 


By  C.  E  Waten 


HISTORICAL 

In  a  paper  published  some  months  ago,  Schreiber^  gives  the 
results  obtained  when  diflFerent  cylinder  and  compressor  oils  were 
heated  in  a  specially  constructed  air  bath  through  which  a  current 
of  air,  carbon  dioxide,  or  steam  could  be  passed.  The  duration  of 
the  tests  varied  from  1 6  to  24  hours,  and  the  temperature  from 
200®  to  280®.  The  percentages  of  asphaltic  material  in  the  oil 
before  and  after  heating  were  determined.  The  results  showed 
that  the  amount  of  such  material  insoluble  in  benzine  and  in 
alcohol-ether  greatly  increased  in  the  presence  of  air  and  of  carbon 
dioxide,  but  was  practically  tmchanged  when  the  oil  was  heated 
in  steam.  Some  of  the  oils  became  greatly  thickened  or  covered 
with  a  gummy  surface  skin,  while  others  withstood  the  test  remark- 
ably well,  thus  demonstrating  their  fitness  for  use  in  steam  cylin- 
ders. A  problem  of  a  similar  nature  having  been  submitted  to 
this  Bureau,  the  present  writer  adopted,  without  knowledge  of 
Schreiber's  work,  a  method  similar  to  his,  but  diflFering  sufficiently 
from  it  in  its  details  that  the  publication  of  this  paper  seems 
justifiable,  especially  as  the  oils  to  be  tested  were  intended  for  use 
in  gas  engines.  Without  going  immediately  into  details,  it  may 
be  said  that  both  Schreiber  and  the  author  heated  the  oils  to  a 
considerably  higher  temperature  than  that  adopted  by  most  of 
the  previous  workers. 

A  stunmary  of  the  more  important  work  done  along  this  line 
may  not  be  out  of  place. 

^  Zs.  angew.  Chem.,  28,  pp.  99-103;  1910. 
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In  1884,  Fox '  investigated  lubricating  oils  by  a  modification  of 
a  method  described  shortly  before  by  Livache "  for  the  recognition 
of  drying  oils.  The  oils  were  heated  in  sealed  tubes  with  pre- 
cipitated lead  and  the  amount  of  oxygen  absorbed  was  measured. 

Zaloziecki^  passed  air  through  heated  mineral  oils  and  fotmd 
acetic  acid  in  the  water  formed  by  oxidation.  The  distillate  had 
the  odor  of  other  members  of  the  series  of  fatty  acids.  Engler 
and  Bock,*  in  addition  to  naphthenic  acids,  observed  the  forma- 
tion of  butyric  and  other  fatty  acids  by  blowing  air  through  hot, 
neutral  petroleum. 

Charitschkow*  obtained  two  series  of  acid  oxidation  products, 
one  from  the  alkali  sludge,  the  other  by  oxidizing  petroleimi  by 
air  in  the  presence  of  alkali  at  1 50®.  The  latter  series  he  called 
later  ^  **polynaphthene,"  or  "  asphaltogenic  "  acids. 

In  spite  of  conflicting  statements,*  it  is  well  established  that 
mineral  oils  oxidize  when  raised  to  moderately  elevated  tem- 
peratures in  the  air.  They  may  oxidize  even  at  ordinary  tem- 
peratures when  exposed  to  sunlight,  especially  in  the  presence  of 
alkalies.  The  writer  has  discussed  this  subject  in  another  paper, 
in  which  it  is  shown  that  water  and  carbon  dioxide  are  formed, 
in  addition  to  acids  that  remain  in  the  oil.* 

Another  phenomenon  closely  connected  with  the  formation  of 
acids  is  the  production  of  resinous  or  asphaltic  substances  when 
oils  are  heated  in  the  air.  This  and  the  cracking  of  the  oils  are 
both  probably  concerned  in  the  "carbonization"  of  gas-engine 
cylinder  oils.  The  cracking  of  mineral  oils  has,  of  cotu'se,  been 
known  for  several  decades,  but  a  knowledge  of  the  other  chemical 
changes  mentioned  is  not  so  widespread,  although  no  argument  is 
needed  to  convince  one  of  its  importance,  especially  to  users  of 
gas  engines. 


'  Zs.  anal.  Chem.,  23,  p.  434,  1884. 

*  Mon.  Sci.,  [3],  18,  p.  299;  Zs.  anal.  Chem.,  28,  p.  262,  1884. 
^  Zs.  angew.  Chexn.,  pp.  416-419,  1891. 

B  Cf.  Chem.-Ztg.,  16,  p.  592,  1892. 

'  Petroleum^  2,  p.  480,  1907;  J.  Soc.  Chem.  Ind.,  26,  p.  402,  1907. 

^  Chem.-Ztg.,  88,  p.  1165,  1909. 

'  Hirsch:  Chem.-Ztg.,  19,  p.  41,  1895. 

*  This  Bulletin,  7,  p.  227. 
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In  1 894  Holde  ^®  determined  the  asphalt  content  of  certain  dark- 
colored  mineral  lubricating  oils  before  and  after  heating  to  100^ 
for  10  hours.  He  found  that  oils  with  little  or  no  asphalt  origi- 
nally remained  liquid;  those  with  1.3  to  2.3  per  cent  became  thick 
and  sticky ;  those  with  5  to  6  per  cent  were  changed  to  a  thick 
resin-like  mass.  He  showed  later  ^^  that  the  gumming  is  due 
not  only  to  a  concentration  of  the  asphalt  9s  the  oil  evaporates, 
but  also  to  a  partial  oxidation  of  the  oil. 

Adiasiewitsch  **  described  the  preparation  of  resinous  products 
by  blowing  "deoxygenated  air"  through  the  residue  in  the 
petroleum  still,  the  temperature  varying  from  150°  to  200®. 
The  resultant  * '  resins ' '  varied  from  thick  liquids  to  soUd,  asphalt- 
like masses,  and  all  were  soluble  in  petroleum  distillates. 

Mabery  and  By erley "  also  made  asphalt  from  heavy  petroletun 
residues  by  blowing  air  through  the  mass  for  four  or  five  days, 
the  temperature  being  kept  at  650®  F.  Culmer  "  obtained  similar 
results  in  40  hours  at  193^. 

In  this  connection  may  be  mentioned  the  belief  of  Meyerheim  " 
that  the  increase  in  the  asphalt  content  with  time  is  due  to  a 
polymerization  of  the  oil  or  to  a  change  of  the  asphalt  from  its 
original  colloid  state  to  the  insoluble  form.  Raditun  emanation 
caused  no  increase  in  the  amotmt. 

Richardson  ^*  and  Hanson  studied  the  change  in  viscosity  of 
oils  heated  in  thin  layers  at  temperatures  varying  from  100®  to 
201^.  In  an  atmosphere  of  superheated  steam  changes  exactly 
similar  to  those  in  air  were  produced.  Worrall  and  Southcombe," 
however,  state  that  in  cylinders  heated  as  high  as  750°  F.  steam 
causes  no  chemical  change  in  the  oil.  The  homy  or  granular 
deposit  at  times  found  in  cylinders  is  Fe,Oj  or  Fea04  cemented 
together  by  oil. 

'^Mitth.  kgl.  techn.  Versuchsanst.,  11,  pp.  261-273;  J.  Soc.  Chem.  Ind.,  18,  p. 
668;  1894. 
"  Ibid.,  IS,  pp.  174-196;  1895. 

^'  See  abstract  in  J.  Soc.  Chem.  Ind.,  15,  p.  346;  1896. 
^  Amer.  Cfaein.  J.,  18,  pp.  141 -150;  1896. 

>^  Rev.  Fjnod.  Chim.,  2,  p.  356;  J.  Soc.  Chem.  Ind.,  19,  p.  525;  1900. 
^^  Chem.-Ztg.,  84,  p.  454;  1910. 
^'  J.  Soc.  Chem.  Ind.,  84,  pp.  3x5-319;  1905. 
"  Ibid.,  27,  p.  308;  1908. 
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Kissling"  determined  the  "  resinification  ntimber"  of  oils. 
The  amount  of  material  precipitated  by  petroleum  ether  was 
determined  after  the  oils  had  been  heated  to  125®  to  135®  for  12 
hours  on  each  of  five  successive  days.  The  results  showed  that 
less  insoluble  matter  is  formed  in  the  better  refined  oils.  The 
percentages  of  insoluble  formed  may  vary  a  great  deal  more  than 
the  iodine  and  Maumen^  values.  Kissling  later  ^*  published  a 
somewhat  modified  method,  according  to  which  the  oil  is  treated 
with  alcoholic  soda,  which  extracts  the  "  resin  "  originally  present 
or  formed  by  heating.  The  "coke-like"  matter  is  thrown  out 
by  benzine.     The  oils  are  heated  to  150®  to  250®. 

Letschf ord  ^  studied  the  oxidation  of  spindle  .oils  when  heated 
to  95°  to  98®  for  75  hoiu^.  The  ratio  of  the  product  insoluble  in 
petroleiun  ether  to  the  original  oil  was  called  the  "add  coeffi- 
cient. '  * 

It  is  of  fundamental  importance  to  have  a  satisfactory  method 
for  determining  the  asphalt  in  oils.  One  method  "that  has  been 
tried  is  to  determine  the  diminution  in  volume  when  the  oil  is 
shaken  with  concentrated  sulphtuic  acid  and  then  allowed  to 
stand.    This  has  been  found  to  be  imreUable.*^ 

Distilling  off  the  oil  by  means  of  superheated  steam  has  also 
been  recommended.'*  But  practically  the  only  method  used  is 
the  precipitation  by  means  of  benzine  or  other  light  petroleum 
distillate.  This  is  based  on  an  observation  by  Bender.**  It  has 
been  found  that  the  amount  of  insoluble  matter  precipitated 
depends  on  the  boiling-point  limits  of  the  benzine  used.  Hence 
the  necessity  for  a  carefully  specified  "normal"  benzine.**  Still 
later,  Kissling  **  showed  that  benzines  from  different  sources, 
though  they  may  boil  between  the  same  limits,  are  not  to  be  used 

"  Chem.-Ztg.,  80,  pp.  932-933;  ^9<^- 

^*  Ibid.,  81,  p.  328;  1907;  82,  p.  938;  1908. 

^  Seifensiederztg.,  1908,  No.  2;  Zs.  angew.  Chem.,  22,  p.  1066;  1909. 

''  Aisinmann:  Dingl.  Fbl.  J.,  294,  pp.  65-68;  1894;  J.  Soc.  Chem.  Ind.,  14,  p.  282. 
Charitschkow:  Petroleum,  2,  pp.  99-101;  1906;  J.  Soc.  Chem.  Ind.,  26,  p.  X140;  1906. 

"  Lecocq:  Bull.  Soc.  Chim.  Belg.,  22,  pp.  81-87;  Chem.  Abstr.,  2,  p.  1880;  190S. 

^  Mitth.  kgl.  techn.  Versuchsanst.,  1890,  311-316;  J.  Soc.  Chem.  Ind.,  10,  p.  354; 
1891. 

'^Holde:  Mitth.  kgl.  Materialpriifungsamt,  27,  p.  143;  1909. 

**  Chem.-Ztg.,  88,  p.  1203;  1909. 
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indiscriinmately  if  the  results  obtained  by  different  chemists  are 
to  be  compared.  Thus,  a  sample  of  Elahlbaum's  "normal  ben- 
zine" gave  lower  values  than  benzine  from  Pennsylvania  petro- 
leum. Benzine  from  an  Indian  petroleum  gave  higher  values 
than  either  of  the  preceding. 

EXPERIMENTAL 

The  four  oik  submitted  to  this  Bureau  had  the  following  con- 
stants : 


Sampto 

Flashpoint 

Englar  no.  at  50^ 

Englar  no.  at  100^ 

Acidity  (per  cent  oleic  acid ) 
Fatty  oU 


140° 
3.3 
1.4 
0.033 
None. 


224° 
3.4 
1.4 
0.024 
None. 


3 


142° 
3.6 
1.5 
0.023 
None. 


142° 
2.9 
1.4 
0.025 
None. 


In  the  preUminary  experiments  two  mineral  oils  that  had  been 
on  hand  for  a  considerable  time  were  used  to  test  the  method. 
Ten-gram  samples  were  heated  one  at  a  time  in  matched  Erlen- 
meyer  flasks  of  150-cc  capacity.  The  flasks  rested  on  a  small 
tripod  of  glass  rod  on  the  bottom  of  a  large  iron  crucible,  which 
was  covered  with  a  brass  plate  having  a  large  hole  through  which 
the  upper  two-fifths  of  the  flask  projected.  The  bath  was  kept 
at  250°  for  one  and  one-half  hours,  and  at  the  same  time  a  fairly 
rapid  current  of  air  was  passed  in  through  a  tube  of  Jena  combus- 
tion glass  bent  at  right  angles  at  one  end.  Near  the  bend  was  a 
closely  fitting  sheath  of  brass  tubing,  under  which  was  a  fishtail 
burner  for  preheating  the  air.  Concordant  results  could  not  be 
obtained  on  account  of  the  impossibility  of  accurately  regulating 
the  two  flames  and  air  current,  all  three  varying  from  time  to 
time  during  the  day. 

A  cubical  air  bath  of  sheet  copper  was  then  constructed.  Open- 
ings were  cut  in  the  movable  cover  so  that  four  flasks  could  be 
suspended  by  their  necks.  The  sides  and  top  of  the  bath  were 
covered  with  sheet  asbestos.  A  "rose"  top  was  used  on  the 
burner,  and  the  heating  ftuther  equalized  by  means  of  a  circular 


370 


Bulletin  of  the  Bureau  of  Standards 


\Voi.  7,  No,  s 


sheet  of  brass,  resting  on  a  glass  tripod  about  2  cm  high,  on  the 
bottom  of  the  bath.  The  temperature  was  kept  constant  within 
2®  or  3°  by  means  of  a  thermoregulator.  There  was  nothing  to 
prevent  perfect  freedom  of  diffusion  of  oil  vapors  and  air  at  the 
mouths  of  the  flasks. 

Four  lo-gram  samples  of  the  two  trial  oils  were  heated  to  250® 
for  three  hoiu^.  The  losses  by  evaporation  did  not  agree  very 
closely.  To  determine  the  amount  of  material  insoluble  in  petro- 
leum ether,  50  cc  of  the  solvent  were  placed  in  each  flask,  which 
was  then  corked,  shaken  gently,  and  let  stand  overnight.  The 
insoluble  matter,  except  the  coating  on  the  walls  of  the  flasks, 
was  then  filtered  oflF  in  Gooch  crucibles  containing  disks  of  S.  &  S. 
No.  589,  Blue  Ribbon  filter  paper,  covered  with  a  thick  felt  of  fine 
asbestos.     The  results  are  given  in  the  table: 


Flask •. 

Per  cent  evaporation 

Per  cent  insoluble  filtered  off 
Per  cent  insoluble  in  flask. . . 
Total  insoluble 


A 

A 

A 

A 

B 

B 

B 

(a) 

(b) 

(c) 

(d) 

(a) 

(b) 

(c) 

5.00 

4.50 

6.20 

7.90 

9.44 

7.35 

9.29 

0.55 

0.48 

0.51 

0.55 

0.34 

0.42 

0.40 

0.10 

0.25 

0.15 

0.05 

0.09 

0.37 

0.39 

0.65 

0.73 

0.66 

0.60 

0.43 

0.79 

0.79 

B 


(d) 
15.92 

0J7 
0.08 
0.45 


Duplicate  tests  were  then  made  with  the  four  samples  of  oil 
submitted  to  us  for  examination.     The  results  follow: 


Sample 

Flask 

Per  cent  evaporation 

Per  cent  insoluble  filtered  off 
Per  cent  insoluble  in  flask  . . 
Total  insoluble 


(a) 
9.90 

0.87 

0.30 

1.17 


(b) 

9.40 

0.91 

1.25 

2.16 


(c) 
10.75 
0.40 
1.40 
1.80 


(d) 
14.45 
0.47 
0.70 
1.17 


(a) 
7.60 

0.08 

0.10 

0.18 


(b) 

6.50 

0.12 

0.20 

0.32 


(c) 
13.35 
0.84 
0.85 
1.69 


(d) 
16.10 
0.60 
0.40 
1.00 


An  inspection  of  the  results  will  show  that  the  chief  cause  of  the 
irregularities,  when  duplicates  are  run,  is  the  insoluble  matter 
remaining  in  the  flask.  This  is  a  dark  brown,  varnish-like  coating 
which  does  not  dissolve  in  petroleum  ether.  Even  when  heated  on 
the  steam  bath  for  two  or  three  days  with  chromic  acid  mixture. 
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only  part  of  it  is  removed,  but  soaking  with  alcoholic  soda  for  two 
or  three  hours  so  loosens  it  that  it  may  be  rinsed  out  easily. 

Duplicate  determinations  of  the  amount  of  flocculent  insoluble 
matter  filtered  oflF  agree  very  well,  except  the  results  on  No.  4. 

The  flasks  were  not  placed  in  the  bath  in  any  regular  order,  but 
in  three  of  the  heatings  flasks  (a)  and  (d)  gave  low  results  on  the 
coating  or  "varnish"  (oils  A,  B,  i,  and  2).  This  does  not  hold  for 
oils  3  and  4,  but  even  here  flask  (a)  showed  less  varnish  than  (6) 
and  flask  (d)  less  than  (c). 

It  may  be  mentioned  parenthetically  that  oil  No.  3  was  recom- 
mended by  us  as  the  best  of  the  four.  We  have  since  learned  that 
one  of  the  other  oils  was  first  given  a  trial  by  the  company  for  which 
9  the  test  was  made.  It  proved  to  be  entirely  unsuitable,  while  No. 
3,  which  was  then  used,  has  been  satisfactory. 

Variations  in  the  condition  of  the  walls  of  the  flasks,  all  of  wlfich 
had  been  used  for  other  purposes,  seemed  to  be  a  possible  explana- 
tion of  the  discrepancies  in  the  amounts  of  "varnish"  found. 
Accordingly,  four  new  Jena  flasks  were  carefully  cleaned  and  used 
to  obtain  the  following  results.     Only  oil  B  was  used. 


P«r  cent  evaporation 

Per  cent  insoluble  filtered  off 
Per  cent  insoluble  in  flask. . . 
Total  insoluble 


(•') 

(bO 

(C) 

21.55 

22.60 

23.15 

032 

0.32 

0.44 

0.17 

0.08 

0.50 

0.49 

0.40 

0.94 

• 

(«') 


25.40 
0.61 
0.92 
1.53 


A  series  of  results  was  also  obtained  with  a  new  set  of  flasks  of 
"resistance"  glass.     Oil  B  was  again  used. 


Flask 

(«") 

(b") 

(CO 

(d") 

Pte  cent  evaporation 

10.35 
0.33 
0.45 
0.78 

11.55 
0.44 
0.82 
1.26 

15.80 
0.25 
0.29 
0.54 

16.45 

Per  cent  insoluble  filtered  off 

0.23 

0.11 

Total  insoluble 

0.34 

A  consideration  of  all  the  figures  obtained  with  oil  B  shows  that 
while  the  "insoluble  filtered  ofif "  varies  from  0.23  to  0.61  per  cent, 
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nine  of  the  twelve  results  lie  within  the  limits  0.32  and  0.44  per 
cent.  The  average  of  these  is  0.37  per  cent,  and  the  average 
for  all  twelve  is  0.37)^  per  cent. 


Flmk •: 

A 

0.11 
0.82 
0.26 
0.50 

B 

C 

n 

0.30 
1.94 
0.30 
0.40 

1.20 
1.03 
0.55 
0.57 

0.48 

lacrease  in  vunish,  second  heat 

Per  cent  insoluble,  first  heat 

0.46 
032 

Per  cent  insoluble,  second  heat 

0.64 

Another  interesting  series  of  results  was  obtained  by  heating  two 
lots  of  oil  B  in  the  resistance  glass  flasks.     For  the  second  heating  ^ 
the  varnish  was  not  removed,  the  flasks  being  thoroughly  washed 
out  with  petroleum  ether  before  a  new  lot  of  oil  was  introduced. 

At  the  second  heating  the  amotmts  of  both  varnish  and  insoluble 
are  greater  than  at  the  first,  except  in  one  instance. 

It  is  unfortunate  that  Schreiber  does  not  publish  any  duplicate 
determinations  on  the  same  oil,  nor  is  he  able,  with  his  apparatus, 
to  make  any  distinction  between  the  "  varnish  "  and  the  flocculent, 
insoluble  matter.  His  statement  that  the  formation  of  "  asphalt" 
depends  on  oxidation  we  can  fully  confirm,  for  in  some  of  the  earliest 
experiments  we  heated  the  oil  in  glass-stoppered  bottles  and  found 
only  traces  of  insoluble  matter  and  no  varnish  at  all. 

In  order  to  further  test  the  possibility  of  variations  being  caused 
by  the  nature  ^f  the  walls  of  the  containing  vessels,  glass  tubes  of 
20  mm  bore  and  10.5  cm  long  were  made.  Tubes  of  the  same 
inside  dimensions  were  made  of  ordinary  brass,  cold-roUed  steel, 
and  also  from  a  steel  containing  0.8  per  cent  carbon,  a  vanadium 
steel,  a  chrome-vanadium  steel,  and  cast  iron.  These  tubes  were 
made  in  pairs.  One  of  the  vanadium  steel  tubes  leaked  so  badly 
that  it  could  not  be  used.  Both  of  the  cast-iron  tubes  had  fine 
pores  through  which  a  little  oil  escaped,  but  they  became  plugged 
up  at  the  first  heating.  All  of  these  tubes,  except  those  of  cold, 
rolled  steel  and  brass,  were  made  from  the  centers  of  the  billets 
from  which  the  standard  samples  issued  from  this  Bureau  were  cut. 
Their  size  was  necessarily  limited  and  this  had  the  disadvantage 
that  only  5  grams  of  oil  could  be  heated  at  a  time,  for  when  25 
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cc  of  ligroin  were  added  after  heating  there  was  jtist  enough  space 
left  to  insert  a  cork  safely.  The  metal  tubes  were  made  with 
flaring,  knife-edge  rims  to  diminish  creeping  of  the  oil  when  the 
insoluble  was  filtered  off. 

In  every  case  the  oil,  after  dilution  with  petroletmi  ether,  was 
allowed  to  stand  about  22  hours,  it  having  been  found  that  the 
precipitate  was  less  apt  to  clog  the  filter  than  when  a  shorter  time 
elapsed. 

For  the  heatings  in  the  different  tubes  three  oils,  designated  as 
B,  C,  and  D,  were  used.  They  had  been  kept  for  a  long  time  in 
closed  tin  cans.  The  organic  acidity,  saponification  number,  and 
flash  point  were  determined. 


Sample 

Orguiic  acidity  (as  per  cent  oleic  acid) 

Fatty  oil  (approniniate) 

Flash  point 


B 

C 

0.08 

0.03 

None 

None 

205** 

195^ 

0.07 
0.5 

195^ 


Oil  B  gave  an  incipient  flash  at  185®.  The  Pensky-Martens 
closed  cup  flash-point  apparatus  was  used. 

A  complete  series  of  heatings  was  run  only  with  oil  B,  this  having 
been  considered  unnecessary  with  C  and  D.  The  results  are  given 
below,  expressed  as  percentages  of  insoluble  matter  and  varnish. 

GLASS  TUBES 


on. 


Vaxniah.. 
loBoluble. 


B 

B 

B 

B 

c 

c 

D 

0.44 
0.10 

0.03 
0.07 

0.08 
0.08 

0.10 
0.05 

0.11 
0.10 

0.09 
0.08 

0.04 
0.07 

0.04 
0.09 


BRASS  TUBES 


Oil 

B 

B 

B 

B 

C 

C 

D 

D 

Vamiffh 

0.02 
0.13 

0.03 
0.15 

loBolnble 

0.15 

0.18 

0.15 

0.16 

0.07 

0.06 
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Ofl 

B 

B 

C 

C 

D 

D 

Vamiah 

0.07 
0.06 

0.01 
0.06 

Trace 
0.08 

Trace 
0.08 

Trace 
0.07 

Trace 

Inaeltible 

0.05 

CHROME-VANADIUM  STEEL  TUBES 


on 

B 

B 

B 

B 

C 

• 

c 

Varnish 

0.05 
0.07 

0.04 
0.06 

0.03 
0.08 

0.02 
0.06 

Trace 
0.14 

0.01 

Insoluble 

0.13 

In  the  remaining  tubes  only  oil  B  was  heated. 


Tube 

Vtfuidiism  steel 

Cold-foUed  steel 

OU)  carbon  steel 

Varnish 

0.02    0.04 

0.04    0.03    0.02    Trace 

0.03    0.02    0.03    0.03 

Inai^ble 

0.07    0.08 

0.08    0.08    0.09    0.09 

0.07    0.10    0.07    0.07 

The  above  results  seem  to  show  that  the  material  of  which  the 
tubes  are  made  exerts  an  influence  upon  the  amount  both  of  the 
varnish  and  the  precipitate  formed  in  the  oil  itself.  The  differ- 
ences are  not  great,  but  neither  are  the  actual  amotmts  large,  most 
likely  because  of  the  relatively  small  surface  of  oil  exposed  to  the 
action  of  the  air.  This  area  was  only  3.14  sq  cm,  while  only 
double  the  amount  of  oil  in  a  flask  exposed  a  surface  about  nine 
times  as  great.  The  most  striking  discrepancy  in  the  results  is  that 
oil  D  yielded  less  insoluble  in  the  brass  tubes  than  in  those  of  glass, 
while  B  and  C  gave  much  larger  amounts  in  the  brass  tubes.  The 
reason  for  this  may  be  that  D  contained  about  0.5  per  cent  of  fatty 
oil,  the  others  being  straight  mineral  oils. 

That  the  three  oils  show  wider  differences  when  heated  in  flasks 
is  shown  by  the  following  figures  obtained  with  resistance  glass 
flasks.  The  percentages  of  evaporation,  varnish  arid  insoluble 
are  given. 
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on 

Flaik... 

Evmporation 
Vaxnish.... 
Insolttble. . . 


B 

(•) 

10.00 

B 
(b) 

19.03 

B 
(c) 

19.95 

B 
(d) 

C 

C 

C 

C 

(d) 

15.77 

D 

D 

D 

(bO 
25.75 

(0 
13.05 

(•) 

(bO 

(c) 

15.08 

17.15 

23.9322.83 

13.42 

0.18 

0.74 

0.75 

0.25 

0J7 

1.14 

0.38 

0.43 

1.01 

0.57 

1.27 

0.28 

0.48 

0.40 

OJM) 

1.90 

2.29 

1.88 

1.81 

2.30 

1.89 

2.25 

(d) 

19.32 
1.25 
2.50 


Flask  (b')i  first  used  for  oil  C  and  subsequently  for  D,  replaced 
(b)  in  which  B  was  heated.  It  is  curious  that  for  one  oil  it  gave 
high  and  for  the  other  low  results. 

In  our  opinion  the  formation  of  "  asphalt/'  or  ^  we  have  called 
it,  "  insoluble/'  is  due  to  partial  oxidation  of  the  oil  rather  than  to 
polymerization  or  to  concentration  of  the  asphalt  as  the  oil  evapo- 
rates. As  mentioned  above,  there  was  practically  no  formation  of 
insoluble  when  the  oil  was  heated  to  200^  for  three  hours  in  stop- 
pered bottles.  When  heated  for  the  same  length  of  time  in  flasks 
loosely  covered  with  watch-glasses,  there  was  opportunity  for 
atmospheric  oxygen  to  enter  as  rapidly  as  it  was  absorbed  by  the 
oil.  At  the  same  time  the  lack  of  perfect  freedom  of  diffusion 
allowed  the  escape  of  only  the  more  volatile  constituents  so  that 
the  change  in  weight  was  negligible.  No  varnish  was  formed,  but 
the  following  percentages  of  insoluble  were  obtained:  0.47,  0.52, 
0.38,  and  0.33.  Not  enough  of  this  oil  was  available  for  a  test  in 
the  apparatus  finally  adopted. 

Although  the  figures  obtained  by  heating  duplicate  samples  of 
the  same  oil  side  by  side  are  often  less  concordant  than  could  be 
desired,  yet  on  the  whole  the  method  seems  to  be  capable  of  yield- 
ing data  of  value;  this  in  spite  of  differences  caused  by  tmequal 
heating,  variations  in  the  rate  of  interdiffusion  of  oil  vapors  and 
air  and,  apparently,  obscure  catalytic  phenomena  influenced  by 
the  nature  of  the  material  in  which  the  oil  is  heated.  At  present 
the  method  can  be  used  to  compare  a  limited  number  of  oils  with 
one  another.  To  make  it  of  perfectly  general  application  would 
require  a  standard  apparatus  of  carefully  specified  dimensions 
and  material.  The  petroleum  ether  used  would  also  need  to  be  of 
very  definite  composition.  Observing  these  and  other  obvious 
precautions,  the  requirements  of  the  case  would  be  more  than  met, 


83226* 


■II- 


376  BvUetin  of  the  Bureau  of  Standards  [VoL  7,  No.  3} 

for  in  actual  practice  the  conditions  must  vary  considerably  more 
than  in  a  laboratory  experiment. 

It  is  not  claimed  by  anyone  who  has  worked  along  this  line  that 
the  method  does  more  than  indicate  what  may  be  expected  to 
happen  when  an  oil  is  in  actual  use,  or  rather,  which  of  two  or 
more  oils  will  behave  least  badly.  But  even  a  slight  indication  is 
of  greater  value  than  complete  ignorance,  and  a  laboratory  test  is 
more  rational  than  placing  implicit  confidence  in  a  dealer's  state- 
ments. 

It  is  our  intention  to  go  more  fully  into  the  question  of  standardi- 
zation and  also  to  study  the  effect  of  the  addition  of  fatty  oils  and 
other  substances  to  the  mmeral  oils  before  heating. 

Washington,  December  14, 1910. 
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L  INTRODUCTION 

Vanaditim  has  been  called  by  metalltirgists  a  "homeopathic" 
remedy  becatise  of  the  remarkable  results  obtained  by  small  addi- 
tions of  it  to  other  metals,  notably  to  steel.  Carbon  steels  or 
alloy  steels  as  produced  in  this  coimtry  when  they  carry  vanadiiun 
usually  contain  from  o.io  per  cent  to  i.oo  per  cent.  It  has  been 
claimed  by  some  that  the  element  acts  by  removing  dissolved  gases, 
especially  nitrogen,  from  the  molten  steel,  with  resulting  elimina- 
tion in  the  slag  of  the  greater  part  added,  and  that  the  amotmt  left  in 
the  steel  itself  is  of  secondary  importance.    However,  others  have 
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shown  that  the  microscopic  structtire  of  steel  is  greatly  modified 
by  the  residual  vanaditmi  in  the  amotmts  in  question  here,  and, 
as  might  be  expected,  there  are  corresponding  changes  in  physical 
properties.  Hence  it  will  be  seen  that  a  high  degree  of  accuracy  in 
determining  vanadium  in  steel  is  to  be  desired.  Considerations 
such  as  these,  combined  with  requests  from  many  sources,  led  the 
Bureau  of  Standards  to  tmdertake  the  preparation  of  a  vanadium 
standard  steel  similar  to  the  analyzed  plain  carbon  steels  which  it 
has  issued  for  some  time.  In  conformity  with  the  usual  practice 
of  the  btueau,  samples  were  analyzed  by  its  chemists  and  by 
prominent  technical  and  works  chemists  (eleven  in  all) .  The  first 
figtnes  thus  obtained  for  vanadiiun  were  so  tmexpectedly  discord- 
ant as  to  indicate  sources  of  error  in  methods  used  which  had 
probably  been  overlooked  or  tmrecognized.  Accordingly,  some  of 
the  most  probable  of  these  were  investigated  by  the  bureau.  The 
results  of  this  investigation  were  commtmicated  to  those  partici- 
pating in  the  cooperative  work  and  a  satisfactory  concordance  in 
the  final  vanadiiun  figures  was  very  soon  obtained.  Inasmuch  as 
some  of  these  sotutres  of  error  do  not  seem  to  have  been  sufliciently 
emphasized  in  the  literature,  concise  statements  regarding  them 
may  be  of  service.  Three  classes  of  methods  were  used  by  the 
cooperating  anal3rsts: 

1.  CLASS  A 

Methods  like  that  first  described  by  Campagne  ^  and  found  with 
little  variation  from  the  original  in  many  textbooks  on  steel 
analysis.  The  hydrochloric  acid  (ferric)  solution  of  the  steel  is 
extracted  with  ether,  which  removes  most  of  the  iron,  leaving  the 
vanadiiun  in  the  aqueous  layer.  This  portion  is  evaporated  to 
dryness  and  the  operation  repeated  two  or  three  times  with  fresh 
portions  of  hydrochloric  acid.  The  latter  reduces  the  vanadium 
to  the  quadrivalent  state;  the  final  evaporation  is  made  with  sul- 
phiuic  acid  and  is  continued  tmtil  f lunes  are  given  oflF  strongly. 
The  solution  is  then  titrated  against  permanganate. 

2.  CLASS  B 

Methods  depending  upon  the  reduction  of  quinquivalent  to 
quadrivalent  vanadiiun  by  ferrous  sulphate,  either  by  titrating 

^  Ber.,  86,  p.  3x64;  1903. 
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directly  against  a  ferrous  solution  or  adding  excess  of  the  same 
and  titrating  back  with  bichromate;  potassium  ferricyanide  is 
used  either  as  an  external  indicator  or  by  adding  it  directly  to  the 
solution  undergoing  titration. 

3.  CLASS  0 

Most  of  the  iron  is  extracted  as  tmder  class  A,  the  hydrochloric 
add  replaced  by  nitric  acid  and  the  vanadium  separated  from 
iron,  chromium,  etc.,  by  pouring  into  a  boiling  solution  of  sodium 
hydroxide.  The  vanadium  goes  into  the  filtrate,  and  is  precipi- 
tated by  mercurous  or  lead  salts,  the  final  estimation  being  either 
gravimetric  or  volumetric. 

It  seems  likely  that  these  three  classes  of  methods  comprise 
those  most  used  in  this  country,  inasmuch  as  the  group  of  coop- 
erating chemists  was  typical.  The  same  methods  are  used  with 
little  or  no  change  for  the  analysis  of  chrome-vanadium  steels 
carrying  usually  from  0.2  per  cent  to  5  per  cent  chromium. 

IL  SOME  SOITRCES  OF  ERROR 
1.  GENERAL  ERRORS 

An  error  in  all  methods  where  final  titration  is  made  against 
permanganate  may  arise  by  failure  to  deduct  the  blank  caused  by 
the  presence  of  elements  other  than  vanadium;  this  may  be  par- 
ticularly high  in  such  methods  as  that  of  Campagne  where,  if  the 
ether  extraction  is  not  carefully  done,  there  may  be  large  amotmts 
of  ferric  sulphate  present  dtuing  the  titration.  Campagne  him- 
self speaks  (loc.  dt.)  of  this  point,  but  it  is  not  usually  mentioned 
in  textbooks.  If  salts  yidding  green  or  blue  solutions  are  pres- 
ent, these  may  obscure  the  true  end  point,  requiring  several  tenths 
of  a  cubic  centimeter  of  tenth  normal  permanganate  in  excess. 
Indeed,  in  low  vanadiiun  products  the  blank  may  be  much  larger 
than  the  amotmt  required  by  the  vanaditun,  or  if  the  analyst 
does  not  make  a  qualitative  test  for  vanadium  he  may  report  its 
presence  when  the  sted  contains  none.  Another  point  to  be 
observed  is  the  temperature  of  the  solution  being  titrated.  The 
optimum  temperature  is  70^  to  80^  C    It  is  almost  impossible 

'  Hillebrand:  Analysis  of  Silicate  and  Carbonate  Rocks,  Bull.  422,  p.  151.  U.  S. 
Gcol.  Survey. 
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to  secure  a  good  end  point  in  a  cold  solution.  On  the  other  hand, 
the  work  of  Sarkar  and  Dutta '  and  of  others  on  the  reduction 
of  permanganate  by  hot  sulphuric-add  solutions  of  manganous 
sulphate  shows  the  importance  of  not  titrating  at  too  high  a 
temperature. 

2.  ERRORS  INCIDENT  TO  METHODS  OF  CLASS  A 

(a)  Iron  reduced  during  ether  extraction. — ^During  the  ether 
extraction  there  is  almost  always  some  iron  reduced  to  the  ferrous 
condition;  this  is  not  always  reoxidized  during  the  course  of  the 
analysis  before  the  titration  and  therefore  might  be  calculated  as 
vanadium  if  this  fact  is  not  taken  into  consideration. 

(6)  Action  of  sulphuric  acid  on  organic  substances. — The  ether, 
or  impurities  in  it,  may  act  on  the  strong  sulphuric  add  when  the 
solution  is  evaporated  to  small  volume  with  this  add.  There  are 
then  present  substances  which  may  act  on  permanganate.  In 
this  laboratory  separation  of  carbonaceous  material  has  been 
observed  at  this  stage,  with  accompanying  odor  of  sulphur  dioxide. 

(c)  Too  early  addition  of  sulphuric  acid. — ^The  addition  of  sul- 
phtuic  add  before  the  solution  has  been  repeatedly  evaporated 
with  fresh  portions  of  hydrochloric  add  is  to  be  avoided,  because, 
if  the  sulphuric  add  is  added  before  reduction  of  vanadium  to  the 
quadrivalent  state  has  been  attained,  the  reduction  is  likely  to  be 
incomplete. 

(d)  Too  prolonged  evaporation  with  sulphuric  acid. — If  the 
evaporation  with  strong  sulphuric  add  is  too  prolonged  or  carried 
out  at  too  high  a  temperattu-e  the  reverse  reaction,  resulting  in  the 
oxidation  of  vanadium  tetroxide  to  vanadium  pentoxide  by  the 
sulphur  trioxide,  may  take  place.^ 

{e)  Presence  of  other  metals. — No  other  metals  capable  of  oxida- 
tion to  higher  valence  by  permanganate  should  be  present.  Those 
most  likely  to  be  encountered  in  sted  analysis  are  chromium, 
molybdenmn,  and  tungsten.  The  latter  two  may  be  removed 
before  titration  without  great  difficulty;  the  methods  hitherto  given 
for  separating  vanadium  and  chromiiun  are  so  laborious  that  this 

*  Zs.  Anoig.  Chem.,  67,  p.  225;  1910. 

*  Koppel  and  Behrendt:  Zts.  Anofg.  Chem.,  86,  p.  156;  1903. 
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precaution  is  often  omitted  in  the  case  of  chromium.  A  correction 
for  the  latter  is  invariably  necessary,  particularly  in  some  steels 
where  the  chromium  and  vaxiadium  may  be  present  in  the  ratio  of 
twenty  or  forty  to  one.  Moreover,  the  amount  of  chromium 
oxidized  to  chromic  acid  is  greater  when  titration  is  made  at  70® 
to  80^,  as  is  imperative  for  a  good  vanadium  end  point  than  where 
the  solution  is  titrated  cold,  as  is  sometimes  recommended.  (For 
details  regarding  this  correction  for  chromium,  see  "Analysis  of 
Silicate  and  Carbonate  Rocks,"  Hillebrand,  Bull.  422,  pp.  152-154, 
U.  S.  Geol.  Survey.) 

3.  ERRORS  INCIDENT  TO  METHODS  OF  CLASS  B 

Methods  requiring  the  use  of  ferricyanide  as  indicator  for  ferrous 
salts  when  quadrivalent  vanadium  and  ferrous  salts  are  also 
present,  must  of  necessity  be  very  tmcertain,  yet  these  are  the 
conditions  under  which  the  determination  is  carried  out.  The 
reason  for  this  is  very  evident,  when  it  is  remembered  that  ferri- 
cyanide in  acid  solution  rapidly  oxidizes  quadrivalent  vanadium 
to  the  quinquivalent  condition  with  resulting  production  of  ferro- 
cyanide.  The  latter  reacts  at  once  with  the  ferric  iron,  so  that  a 
blue  color  is  present  in  the  drops  of  indicator  as  soon  as  an  appre- 
ciable amount  of  vanadium  is  reduced  and  long  before  the  color 
due  to  excess  of  the  titrating  solution  makes  its  appearance.  Con- 
sequently such  methods,  if  at  all  applicable,  must  yield  results 
var3dng  with  the  operator  and  requiring  arbitrary  and  tmcertain 
correction  factors.  Much  difficulty  was  experienced  in  attempting 
to  determine  vanadium  in  ptire  vanadium  solutions  by  this 
method;  the  reason  for  this,  as  stated  above,  was  soon  discovered, 
and  later  references  to  the  same  matter  were  found  in  the  litera- 
ture.* 

4.  ERRORS  INCIDENT  TO  METHODS  OF  CLASS  C 

Vanaditun  is  almost  always  carried  down  by  the  precipitate  of 
ferric  and  chromic  hydroxides,  etc.,  upon  pouring  into  sodium 
hydroxide.  Usually  two  or  three  precipitations  are  necessary  to 
obtain  all  the  vanadium  in  the  alkaline  filtrate.    The  difficulty 

^Campagne,  loc  cit.    Brearley  and  Ibbotson:  Analysis  of  Steel  Works'  Materials, 
p.  89. 
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seems  tobe  largely  due  to  the  presence  of  manganese,  which,  of  comse, 
the  ether  does  not  extract,  for  by  working  in  the  absence  of  man- 
ganese it  has  been  f  otmd  possible  to  make  good  separations  with 
one  precipitation.  However,  there  is  no  simple  method  for  remov- 
ing manganese  at  this  stage  of  a  vanadiwn  determination  in  steel 
without  introducing  other  complications.  If  chromium  is  present 
another  difficulty  is  added,  for  part  of  the  manganese  is  oxidized 
by  the  air  and  precipitated  while  the  sodium  hydroxide  solution 
is  being  boiled  to  secure  complete  precipitation  of  chromium  and 
complete  extraction  of  vanadium  from  the  precipitated  hydrox- 
ides; this  peroxide  rapidly  oxidizes  some  of  the  chromium  to 
chromate,  which  goes  into  the  filtrate  with  the  vanadium.  If  the 
sodium  hydroxide  precipitation  is  repeated,  or  a  third  precipita- 
tion is  necessary,  as  may  happen,  a  very  large  amotmt  of  chromium 
goes  into  the  filtrate.  In  fact,  the  first  operation  leaves  enough 
chromium  with  the  vanadium  to  introduce  serious  error  in  deter- 
mining the  latter  unless  a  correction  is  made;  fiuthermore,  the 
same  cause  may  require  appreciable  correction  to  be  applied  to 
the  chromium.  The  addition  of  sulphurous  acid  to  the  acid  solu- 
tion of  the  steel  just  before  it  is  poured  into  the  alkali,  as  is  recom- 
mended sometimes,  does  not  help,  for,  of  course,  it  is  not  effective 
after  the  solution  is  strongly  alkaline.  Another  source  of  trouble 
is  the  organic  matter  mentioned  above  as  sometimes  coming  from 
ether;  this  causes  appreciable  amounts  of  iron  and  chromiiun  to 
dissolve  in  the  filtrate  with  the  vanaditun.  It  is  evident  that  all 
of  the  sources  of  difficulty,  except  the  last  mentioned,  are  present 
in  even  greater  degree  when  an  attempt  is  made  to  carry  out  the 
caustic  soda  separation  without  a  preliminary  extraction  of  most 
of  the  iron  by  ether.  Thus  it  will  be  seen  that  to  separate  the 
vanadium  from  the  iron  and  to  obtain  all  of  it  in  the  filtrate  may 
be,  and  usually  is,  a  long  and  complicated  operation.  When  this  is 
accomplished  there  may  be  present  a  large  amotmt  of  chromiiun, 
and  this  occasions  another  series  of  difficulties,  for  the  chromate 
precipitates  with  the  vanadate,  whatever  the  method  of  precipita- 
tion. The  only  alternative  is  to  titrate  the  vanadium  in  presence 
of  the  chromiiun,  making  the  tmcertain  corrections  above  men- 
tioned, or  to  make  an  electrol)rtic  separation  as  described  later. 
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When  attempt  is  made  to  extract  vanadimn  from  steel  by  fusion 
of  the  oxides  obtained  by  evaporating  and  baking  a  nitric  acid 
solution  of  the  metal,  an  old  method  which  is  now  probably  little 
used  for  this  class  of  material,  the  same  series  of  difficulties  as 
enumerated  under  class  C  is  encotmtered.  It  seems  almost  imprac- 
ticable to  extract  quantitatively,  say,  one-tenth  of  i  per  cent  of  vana- 
ditun  in  this  maimer  without  tmdue  expenditure  of  time  and  labor. 

It  is  clear,  then,  that  there  are  marked  defects  in  the  most  com- 
monly used  methods  for  determining  vanadium  in  steel,  unless  the 
axialysis  is  conducted  with  extreme  care,  requiring  more  time  than 
is  usually  available  in  a  technical  laboratory,  or  unless  the  analyst 
is  so  experienced  that  he  can  recognize  and  correct  for  disturbing 
factors.  Accordingly,  the  present  research  was  started  with  the 
hope  that  a  simpler  and  more  accurate  procedure  might  be  out- 
lined, and  one  which  would  at  the  same  time  be  reasonably  short. 

m.  PRELIMINARY  WORK  TOWARD  A  NEW  METHOD  FOR 

VANADIUM 

Much  work  was  done  with  the  idea  of  determining  vanadimn 
without  a  preliminary  separation  from  iron.  It  seemed  possible 
that  the  vanadiufh  might  be  oxidized  to  vanadate  and  then  reduced 
by  hydrobromic  acid  by  distilling  in  an  apparatus  suitable  for  col- 
lecting the  liberated  bromine  in  alkali.  The  difficulty,  however, 
is  to  secure  oxidation  of  the  vanadimn  and  then  get  rid  of  the  excess 
of  oxidizer  without  at  the  same  time  reducing  some  vanadic  acid. 
It  was  fotmd  that  the  vanadimn  of  a  dilute  sulphiuic  acid  solution 
of  a  vanadium  or  chrome-vanadium  steel  could  be  oxidized  easily 
enough  in  the  cold  by  manganese  dioxide  without  converting  any 
noticeable  amount  of  chromiimi  to  chromate,  the  excess  of  man- 
ganese dioxide  being  eliminated  by  jfiltration.  But  when  such  a 
solution  was  placed  in  the  distilling  apparatus  and  distilled  after 
the  addition  of  a  large  excess  of  hydrochloric  add  and  potassiimi 
bromide,  as  recommended  by  Edgar ,•  there  was  almost  always 
more  bromine  liberated  than  corresponded  to  the  vanadimn 
present.  Many  eflForts  were  made  to  get  rid  of  the  distiu-bance, 
such  as  long  boiling  of  the  oxidized  steel  solution  before  placing  in 
the  distilling  apparatus,  reduction  of  the  amount  of  suphuric  acid 

'  Am.  Jour.  Sci.,  27,  p.  174;  1909. 
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used  for  solution  to  the  minimum  necessary,  etc.,  but  while  the 
results  were  usually  as  acctuate  as  those  obtained  by  any  of  the 
methods  above  described,  there  were  occasional  and  tmexplained 
irregularities  which  finally  led  to  the  abandonment  of  the  method 
for  technical  ptuposes.  This  is  regrettable,  for,  theoretically, 
such  a  procedure  is  ideal;  practically  it  would  be  extremely  short 
and  simple.  It  seems  likely  that  the  trouble  experienced  was  due 
either  to  the  known  solubility  of  manganese  dioxide  in  sulphtuic 
acid  or  to  the  action  of  sulphtuic  acid  itself  on  the  hydrobromic 
add  in  the  strongly  acidified  solution  in  the  distilling  flask. 

From  this  it  appeared  desirable  to  develop  a  method  which  would 
obtain  the  vanaditun  in  a  solution  free  from  all  other  metals,  so 
that  one  might  always  be  certain  that  the  oxidizing  or  reducing 
action,  whichever  is  made  the  basis  of  a  voliunetric  method,  is 
exerted  by  vanaditun  compotmds  and  nothing  else.  The  manner 
of  accomplishing  this  was  suggested  in  part  by  a  dissertation  of 
Albert  Steffan,^  who  used  baritim  carbonate  for  precipitating  vana- 
dium and  chromium,  together  with  relatively  little  iron,  from  the 
(ferrous)  solution  of  the  steel.  The  principle  at  the  base  of  the 
method  has  long  been  applied  to  other  separations.  It  has  invari- 
ably been  recommended  until  recently  to  conduct  this  precipita- 
tion in  the  cold,  shaking  frequently  and  allowing  to  stand  for  many 
hours.  It  has  been  fotmd,  however,  by  ntunerous  experiments 
here,  that  a  few  minutes  boiling  with  the  carbonate  will  completely 
precipitate  much  larger  amotmts  of  vanadium  and  chromium  than 
are  likely  to  be  encountered  in  steel  analysis ;  f tuthermore,  the  pre- 
cipitates are  free  from  manganese,  a  distinct  advantage  from 
many  standpoints  over  the  ether  separation.  The  shortening  of 
the  time  required  for  precipitation  when  solutions  are  boiled  has 
recently  been  noted  by  others  in  cotmection  with  steel  analyses; 
also  the  use  of  zinc  oxide  as  a  precipitant."  The  precipitate 
obtained  in  this  way  contains  the  insoluble  matter  from  the  solu- 
tion of  the  steel,  a  little  iron,  all  the  chromium  and  vanadium,  and 
a  considerable  excess  of  the  precipitant.  The  vanaditun  and 
chromitim  may  be  extracted  by  fusion  with  sodium  carbonate,  but 

'  Ueber  die  Bestimtnung  von  Kleinen  Mengen  an  Chrom  und  Vanadin  in  Gesteinen 
und  Stahlarten,  ZUrich,  1902. 
*  Slavik,  Chem.  Ztg.,  84,  p.  648;  1910. 
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the  barium  holds  vanadium  tenaciously  and  more  than  one  fusion 
is  usually  necessary,  so  that  this  way  of  handling  the  precipitate, 
although  apparently  simpler,  is  longer  than  the  one  to  be  described 
later. 

Smith  •  describes  an  electrolsrtic  method  for  separating  vana- 
dium from  iron  by  driving  the  latter  into  a  mercury  cathode,  and 
in  another  section  he  gives  directions  for  electrolytically  precipi- 
tating chromitun  under  practically  the  same  conditions;  hence  it 
appeared  feasible  to  separate  both  iron  and  chromium  from 
vanaditun  by  electrolysis  when  the  three  are  together.  Prelimi- 
nary experiment  showed  this  to  be  possible,  and  it  was  then 
decided  to  dissolve  the  precipitate  mentioned  above  in  appropriate 
maimer  and  submit  it  to  electrolysis  in  order  to  obtain  a  ptu^ 
vanadium  solution.  It  seemed  desirable,  however,  to  be  rid  of 
the  excess  of  the  precipitant  before  electrolyzing.  The  necessary 
excess  being  relatively  large,  it  would  take  too  long  to  drive  the 
iron  and  chromimn  out  of  solution  if  the  precipitant  were  to 
accompany  them  into  solution  and  be  deposited  along  with  them, 
as  would  be  the  case  with  zinc  oxide,  for  instance.  Moreover,  it 
seemed  desirable  to  dissolve  the  steel  in  sulphtuic  acid,  as  the 
electrol)rtic  deposition  is  made  from  sulphate  solution.  This,  of 
course,  made  inconvenient  the  use  of  bariiun  carbonate  as  pre- 
cipitant. It  was  therefore  decided  to  try  the  suitability  of  cad- 
mium carbonate  for  the  purpose,  with  the  idea  of  throwing  out  the 
excess  of  cadmitun  by  hydrogen  sulphide  from  the  add  solution  of 
the  carbonate  precipitate.  This  method  gave  entirely  satisfactory 
results.  The  rate  of  precipitation  of  the  vanadium  and  chromium 
seems  even  more  rapid  than  with  zinc  oxide  or  barium  carbonate. 
The  precipitate  of  cadmitun  sulphide  obtained  in  a  boiling,  very 
slightly  acid  solution  is  easily  filtered  and  never  carries  down 
vanadium. 

The  precipitation  of  vanadium  and  chromium  from  a  reduced 
and  boiling  solution  of  steel  by  any  of  the  predpitants  herein 
mentioned  succeeds  equally  well  in  hydrochloric  or  sulphtuic 
solutions,  but  seems  to  proceed  a  little  faster  with  cadmium  car- 
bonate and  a  sulphate  solution. 

*  Electfoanalysis,  fourth  edition,  p.  258. 
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IV.  THE  METHOD  IN  DETAIL 

Dissolve  2  to  4  grams  of  steel  in  40  to  6o  cc  of  lo  per  cent  (by 
volimie)  sulphuric  add  in  a  covered  300  cc  Erlenmeyer  flask. 
Filter  oflF  the  insoluble,  wash  two  or  three  times  with  water^ 
ignite  and  fuse  for  a  few  minutes  with  add  potassitun  sulphate, 
adding  the  aqueous  solution  of  the  fusion  to  the  main  solution. 
If  the  sted  will  not  dissolve  readily  in  sulphtuic  add,  hydro- 
chloric add  may  be  used,  fusing  the  insoluble  as  before.**  Nearly 
neutralize  the  solution  of  the  sted  with  saturated  sodium  car- 
bonate solution.  Then  add  findy  pulverized  cadmium  carbonate 
in  small  portions  at  intervals  of  four  or  five  minutes,  boiling 
vigorously  between  times,  keeping  the  flask  well  covered.  A 
gram  or  two  of  carbonate  should  remain  undissolved  at  the  end 
of  the  operation.  About  fifteen  or  twenty  minutes'  boiling  alwajrs 
suffices.  The  time  may  be  even  shorter  for  vanadium  steels 
containing  little  or  no  chromium.  Allow  the  predpitate  to  settle 
and  filter  rapidly,  so  as  to  prevent  oxidation  and  predpitation  of 
iron  on  the  filter  (an  1 1  cm  S.  and  S.  No.  589  white-label  filter  is 
recommended).  Wash  the  precipitate  twice  with  hot  water;  no 
care  need  be  taken  to  remove  all  of  it  from  the  flask.  Dissolve 
the  predpitate  with  the  minimum  of  nearly  boiling  10  per  cent 
sulphtuic  add,  catching  the  filtrate  in  the  flask.  Boil  to  insure 
solution  of  material  adhering  to  the  sides  of  the  flask.  Cool  and 
nearly  neutralize  with  ammonia;  there  should  be  no  more  free 
add  present  than  is  necessary  to  prevent  the  iroU  from  precipi- 
tating by  hydrolysis  when  the  solution  is  boiled.  Pass  a  rapid 
ciurent  of  hydrogen  sulphide  for  a  few  minutes  while  the  solution 
is  boiling  vigorously.  Let  the  predpitate  settle,  filter  it  oflF,  and 
wash  two  or  three  times  with  hot  water.  Concentrate  the  filtrate 
if  necessary  and  electrolyze  in  a  voliune  of  60  to  70  cc,  using  5  to  6 
amperes  at  6  to  7  volts.  The  amount  of  merctuy  used  in  the 
special  apparatus  described  below  was  about  200  grams.  The 
solution  is  tested  for  iron  by  ferricyanide;  usually  when  no  iron 
test  is  obtained  all  the  chromium  is  removed.     However,  should 

^^  In  this  case  the  carbonate  precipitate  must  be  dissolved  in  sulphuric  acid  and  the 
separation  repeated  in  sulphate  solution,  for  the  precipitate  first  obtained  contains 
enough  chloride  to  give  trouble  if  dissolved  in  sulphuric  acid  and  direcUy  electiolyzed. 
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there  be  an  unusually  large  amount  of  chromium  relatively  to  the 
iron,  this  might  nob  happen.  In  this  case  the  test  should  be 
made  by  removing  three  or  four  cubic  centimeters  of  the  solution, 
adding  a  few  drops  of  hydrogen  peroxide  and  boiling  for  a  few 
minutes  after  the  brown  color,  due  to  vanaditun  peroxide,  disap- 
pears. If  the  solution  now  remains  clear  and  colorless  on  adding 
ammonia,  the  electrolysis  is  ended.  Acidify  the  test  portion  with 
sulphtuic  acid  before  rettuning  it  to  the  electrolyzing  apparatus. 
The  simpler  ferricyanide  test  usually  answers  for  all  purposes;  the 
complications  mentioned  earlier,  due  to  reduction  of  ferricyanide 
by  quadrivalent  vanaditmi,  do  not  interfere  in  this  case,  inasmuch 
as  there  is  no  ferric  iron  to  react  with  the  resulting  ferrocyanide. 
When  the  solution  no  longer  gives  a  test  for  iron  or  chromium, 
remove  it  from  the  apparatus  and  wash  the  mercury  two  or  three 
times  with  25  or  30  cc  of  water  while  the  current  is  still  passing. 
Add  two  or  three  cubic  centimeters  of  sulphuric  acid  (i-i,  by 
volume),  heat  to  70^  or  80^  C,  and  add  permanganate  from  a 
pipette  tmtil  there  is  a  strong  pink  color.  Rtm  sulphur  dioxide 
into  the  boiling  solution  for  a  few  minutes ;  then  pass  a  rapid  ctu-- 
rent  of  carbon  dioxide  tmtil  the  escaping  steam  gives  no  test  for 
sulphtu-  dioxide.  Filter,  preferably  through  asbestos,"  or  a 
Munroe  crucible,  cool  the  solution  to  70®  or  80®  C,  and  titrate 

N 
against  —  potassitun  permanganate.    For  extreme  accuracy  refpe- 

o 
tition  of  the  reduction  and  titration  is  recommended.    The  reduc- 
tion may  also  be  made  by  hydrogen  sulphide,  if  desired."    With 
special  facilities  a  determination  may  be  completed  in  one  and 
one-half  hours,  or  less. 

"  The  result  will  be  slightly  high  if  a  paper  filter  is  used.  This  b  due  to  the  hydio- 
lyzing  and  solvent  action  of  the  acid  solution  on  the  paper  (even  the  best  washed 
filter  paper).  With  alkaline  solutions  very  serious  enors  may  be  incurred  from 
ignorance  of  this  fact. 

^  Bleecker,  Met.  and  Chem.  Eng.,  9,  p.  209,  Apr.,  1911,  reduces  vanadate  solutioiis 
dectrolytically,  using  a  platinum  dish  as  cathode.  This  method  appears  short  and 
simple  and  might  be  adopted  in  many  cases.  No  work  has  been  done  here,  however, 
along  this  line  and  the  exact  conditions  for  complete  reduction  to  the  hypovanadate 
stage,  and  no  further,  would  probably  have  to  be  determined.  It  is  not  safe  to  titrate 
directiy  the  solution  obtained  by  electrolyzing  as  described  above  without  the  pne- 
liminary  permanganate  oxidation  followed  by  reduction  and  filtration:  to  do  ao  luually 
gives  irregular  results. 
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V-  NOTES  AND  PRECAUTIONS 

Sufficient  exclusion  of  air  is  secured  by  dissolving  the  steel  in  a 
flask  kept  well  covered  by  a  watch  glass.  The  fusion  of  the 
insoluble  is  absolutely  necessary,  as  a  large  proportion  of  vanadium 
remains  here;  indeed,  Nicolardot  has  proposed  methods  whereby, 
with  complete  exclusion  of  air,  it  is  possible  to  secure  practically 
all  the  vanadium  in  the  insoluble  portion  when  operating  on 
certain  classes  of  materials.  This  makes  a  quick  and  easy  quali- 
tative test  for  vanaditun  in  steel,  for  as  soon  as  the  carbon  is 
burned  off  the  characteristic  appearance  of  the  fused  vanaditun 
pentoxide  is  very  striking. 

The  treatment  of  the  insoluble  requires  but  a  few  minutes.  The 
operations  of  solution,  of  cadmium  precipitation,  and  of  filtration 
must  be  done  promptly,  for  a  delay  between  solution  and  precipi- 
tation gives  opportunity  for  oxidation  of  iron.  This  is  to  be 
avoided,  since  it  increases  the  amount  of  iron  going  into  the  car- 
bonate precipitate,  thereby  prolonging  the  electrolysis  and  also 
interfering  with  the  complete  precipitation  of  the  vanadium  and 
chromium.  In  this  latter  connection  it  seems  that  the  particles 
of  carbonate  become  rapidly  coated  with  the  excessive  precipitate 
of  ferric  hydroxide,  and  this  interferes  with  their  efficiency  in 
neutralizing  the  solution.  The  operations  of  filtering  and  wash- 
ing* must  be  particularly  rapid.  There  is  no  difficulty  here  if  the 
solution,  after  boiling,  is  allowed  to  stand  a  few  minutes  before 
filtering;  the  precipitate  settles  readily  and  is  easily  filtered.  Two 
washings  with  hot  water  are  sufficient.  Sometimes  a  Uttle  diffi- 
culty is  experienced  in  dissolving  the  precipitate  completely  from 
the  filter.  This  is  particularly  true  if  the  filtration  and  washing 
have  not  been  done  rapidly  and  promptly,  giving  opportimity  for 
a  difficultly  soluble  coating  to  form  over  the  stuiace,  due  to  oxida- 
tion and  precipitation  of  iron.  However,  this  trouble  will  never 
be  serious  if  the  operations  are  conducted  as  directed;  moreover, 
even  if  this  iron  is  not  all  removed  from  the  filter  it  is  never  found 
to  contain  vanadium  after  two  or  three  washings  with  the  dilute 
acid.  The  advantage  of  a  carbonate  precipitant  over  an  oxide 
precipitant  is  shown  here,  because  the  carbon  dioxide  evolved 
during  the  process  of  solution  very  effectually  breaks  up  the  diffi- 


Cam] 


Determination  of  Vanadium 


389 


cultly  soluble  surface  layer,  permitting  the  acid  to  get  at  the  main 
body  of  the  precipitate.  On  the  other  hand,  when  using  zinc 
oxide  it  is  often  very  difficult  to  dissolve  the  precipitate  with 
dilute  sulphuric  acid.  The  hydrogen  sulphide  precipitation  of 
the  excess  of  cadmitun  is  accomplished  quickly;  the  solution 
should  be  nearly  neutralized  with  ammonia ;  soditun  hydroxide  or 
carbonate  should  not  be  used,  as  in  this  case  soditun  would  be 
driven  into  the  merciuy  dining  elec- 
trolysis, not  only  prolonging  this  opera- 
tion, but  introducing  other  complica- 
tions. If  the  degree  of  acidity  is  right 
and  a  rapid  cturent  of  hydrogen  sul- 
phide is  used,  the  solution  being  boiled 
vigorously  while  this  is  passing,  the 
cadmium  sulphide  settles  readily  and  is 
easy  to  filter  and  wash.  The  solution 
after  filtration  can  be  transferred  at 
once  to  the  electrolytic  apparatus,  which 
may  have  any  of  the  usual  forms,  such 
as  the  convenient  small  beakers  with 
sealed-in  platinum  wires  at  the  bottom, 
described  by  Smith."  If  many  deter- 
minations have  to  be  made,  however, 
the  apparatus  shown  in  Pig.  i  has  been 
found  very  convenient. 

The  apparatus  is  a  separatory  fimnel, 
shown  in  half  size  in  Fig.  i ,  with  an  in- 
wardly projecting  tube  A.  The  bore  of 
the  stopcock  should  preferably  be  as 
large  as  shown.  A  No.  18  platinum  wire  is  sealed  in  at  B.  The 
apparatus  is  filled  with  merciuy  to  within  i  or  2  mm  of  the  end 
of  tube  A,  which  itself  is  completely  filled  with  mercury,  and 
electrical  connection  is  made  to  the  negative  terminal  of  the 
battery.  The  anode  may  have  any  of  the  usual  rotating 
forms.  The  electrolyzing  vessel  is  conveniently  supported  by 
an  iron  ring  clamped  to   the   stand   carrying  the   motor  for 
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rotating  the  anode.  When  electrol3rsis  is  completed,  the  anode  is 
brought  as  close  as  possible  to  the  surface  of  the  mercury  without 
short-circuiting  and  the  electrolyte  is  allowed  to  run  out  by 
opening  the  stopcock.  The  washing  is  done  very  easily  by  a  jet  of 
water  from  a  wash  bottle,  leaving  the  stopcock  open  dtuing  the 
operation,  the  course  of  the  washing  being  followed  by  the 
ammeter. 

If  a  rotating  ailbde  is  used,  the  electroljrsis  is  accomplished  in 
fifteen  or  twenty  minutes.  The  mercury  may  be  used  over  and 
over  again  without  ptuification.  This  is  another  advantage  of 
removing  the  excess  of  precipitant  before  electrolysis,  for  the 
amount  of  foreign  material  going  into  it  is  thus  reduced  to  a 
minimum.  When  a  stock  of  mercury  saturated  with  iron  and 
chromium  has  accmnulated  it  may  be  ptuified  by  the  rapid  method 
of  Hildebrand.^^  A  fair  degree  of  purification  can  be  attained  in 
a  few  minutes  by  shaking  in  a  separatory  ftumel  with  concentrated 
hydrochloric  acid. 

VI.  ANALYTICAL  DATA 

Table  I  gives  some  results  that  have  been  obtained  on  synthetic 
mixtures  of  chromium,  vanadium,  and  iron.  The  vanadium  was 
added  from  a  stock  solution  of  sodium  vanadate  which  was  care- 
fully standardized  by  reducing  several  portions  with  sulphur 
dioxide  and  titrating  against  permanganate;  the  iron  was  from  a 
sulphtnric-acid  solution  of  a  Bessemer  steel  with  o.i  per  cent  car- 
bon, and  the  chromium  from  a  roughly  standardized  chrome-aliun 
solution.  Precipitation  by  cadmium  carbonate  was  made  in  the 
presence  of  4  grams  of  iron,  one-half  of  the  solution  of  the  preci- 
pitate being  used  for  electrolyzing. 

^^Jour.  Am.  Chem.  Soc.,  81,  p.  933;  1909. 
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Number 

Vanadluin 

ri.M_                   ■ 

PraMnt 

Found 

Bnor 

1 
2 
3 
4 
5 
6 
7 
♦8 

0.0030 
.0030 
.0101 
.0117 
.0199 
.0376 
.0407 
.0010 

0.0030 
.0030 
.0102 
.0116 
.0204 
.0371 
.0410 
.0010 

0.0000 
.0000 

+.0001 
-.0001 
+.0005 
-.0005 
+.0003 
.0000 

0.0286 
.0572 
.0358 
.0286 
.0572 
.3150 
.3160 
None 

*Ia  pfMcnce  ol  10  grams  ol  Inn. 

Determinations  were  made  on  the  vanadium  steel  standard  of 
this  bureau,  first,  from  hydrochloric  solution;  second,  from  sul- 
phuric solution.  Duplicates  gave  0.145  P^  crat  vanadium  and 
o.  142  per  cent  vanadium  from  the  hydrochloric  solution.  To  these 
there  had  been  added  0.0750  grams  and  0.1064  gi^ins  chromium, 
respectively.  In  sulphuric  solution  there  was  obtained  0.145 
per  cent.  The  mean  of  several  very  careful  determinations  by 
bureau  chemists,  using  different  methods,  was  0.143  per  cent.  On 
the  new  chrome-vanadium  standard  now  in  preparation  the  method 
gives  0.203  P^  ccii^  and  0.203  per  cent.  The  averaged  complete 
analysis  of  the  vanadium  standard  and  of  the  chrome-vanadium 
standard  (full  data  for  the  latter  have  not  yet  been  received  and 
the  analysis  given  is  not  final)  are  given  below: 

TABLE  II 


c 

81 

P 

S 

lin 

V 

Cr 

Iff 

Cu 

BCo 

Vanadium 

Chrome  -  Vana- 
dium  

0.350 
.377 

0.303 
.113 

0.035 
.043 

0.027 
.029 

0.669 
.58 

0.15 
.197 

0.007 
1.36 

0.009 
.15 

0.022 
.056 

0.006 

The  results  show  that  a  satisfactory  degree  of  accuracy  is 
attainable ;  this  may  be  increased  even  more,  if  desired,  by  using  a 
larger  sample  of  the  steel,  for  there  is  no  reason  why  the  vanadium 
should  not  be  concentrated  from  10  grams  or  more  of  steel,  if 
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desired.  The  minimum  amount  of  vanadium  here  determined, 
equivalent  to  o.oi  per  cent  in  a  steel  (No.  8  of  Table  I) ,  shows  how 
delicate  the  method  is ;  the  maximum  amount  (No.  7  of  Table  I) 
shows  the  possibility  of  using  cadmiiun  precipitation,  followed  by 
electroljrsis,  for  high  vanadium  products.  The  complete  and 
quick  precipitation  of  large  amounts  of  chromium  by  cadmium 
carbonate  is  equally  striking ;  a  method  for  determining  chromium 
in  various  kinds  of  steel,  based  upon  these  observations,  is  being 
worked  out  in  this  laboratory. 

From  what  has  been  said  of  the  effect  of  the  presence  of  other 
substances  when  titrating  hypovanadate  solutions  with  perman- 
ganate it  is  evident  that  a  method  like  this  has  distinct  advan- 
tages in  eliminating  other  metals.  If  the  method  is  to  be  used  for 
other  steels  than  those  for  which  it  was  devised,  the  effect  of 
other  metals  must  be  considered.  Such  metals  as  copper  and 
nickel  would  not  interfere.  The  behavior  of  molybdenum  and 
tungsten  in  appreciable  amounts  has  not  been  investigated,  but 
molybdenum,  if  at  all  precipitated  by  cadmium  carbonate,  may  be 
eliminated  dtuing  the  hydrogen  sulphide  precipitation  of  the 
excess  of  cadmium.  Tungsten  might  be  removed  by  evaporation 
of  the  cadmium  precipitate  with  nitric  acid,  followed  by  filtration. 
After  conversion  of  the  nitrate  to  a  sulphate  solution  electrolysis 
could  follow  as  above  described.  Titanium  would  probably  be 
precipitated  by  the  cadmium  and  remain  with  the  vanadium 
through  the  electrolysis ;  however,  it  would  not  be  reduced  by  sul- 
phur dioxide  or  hydrogen  sulphide.  These  points  will  be  investi- 
gated as  opportimity  permits. 

Vn.  SUMMARY 

1.  Various  errors  in  the  usual  methods  for  determining  vana- 
diiun  in  steel  are  pointed  out  and  in  a  few  cases  methods  for  cor- 
recting or  eliminating  these  are  indicated. 

2.  A  new  method  based  on  precipitation  of  the  vanadium  by 
cadmium  carbonate,  followed  by  electrolysis,  reduction,  and  titra- 
tion, is  described. 

The  writer  is  indebted  to  Dr.  Hillebrand  for  many  helpful  sug- 
gestions during  the  course  of  this  investigation. 

Washington,  April  24,  191 1. 


ON  THE  COMPUTATION  OF  THE  CONSTANT  C. 
OF  PLANCK'S  EQUATION  BY  AN  EXTENSION  OF 
PASCHEN'S  METHOD  OF  EQUAL  ORDINATES 


By  Edgar  Buckingham  and  J.  H.  Dellmger 


1.  niTRODUCnON 


Planck's  equation  for  the  intensity  of  radiation  /,  of  wave  length 
X,  from  a  black  body  at  the  absolute  temperature  0,  namely 


or 


/=CiX    Vi+^^^+^   ^•  + etc.>  **  w 

appears  to  represent  the  results  of  all  known  observations,  nearly 
or  quite  within  the  limits  of  experimental  error.  As  \0  decreases, 
the  factor  in  the  parenthesis  in  equation  (2)  approaches  unity, 
and  the  equation  tends  toward  the  simpler  equation  of  Wien,  or 

/=c,x"*VS  (3) 

If  X  is  expressed  in  microns  and  0  in  centigrade  degrees  of  the 
standard  gas  scale,  the  value  of  the  constant  c,  is  in  the  vicinity  of 
14400,  being  apparently  between  14600  and  14200.  If  X=o.75/*, 
which  is  about  the  limit  of  the  visible  red,  the  value  of  the  factor 
in  the  parenthesis  in  equation  (2)  is  about  i  .00007  at  the  melting 
point  of  platinum;  about  1.006  at  the  temperature  of  the  arc; 
and  about  1.04  at  the  apparent  temperature  of  the  sun.  For 
decreasing  wave  lengths,  these  values  approach  unity  rapidly. 
For  any  value  of  Xtf  less  than  3000,  the  value  of  the  factor  in  the 
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parenthesis  is  less  than  i.oi.  For  visual  observations  on  bodies 
at  temperatures  up  to  that  of  the  arc,  the  use  of  Wien's  equation 
as  a  sufficient  approximation  to  Planck's  equation  is  therefore 
entirely  permissible,  and  our  optical  pjrrometers  are  in  fact 
designed  on  the  assumption  of  the  validity  of  equation  (3) . 

If  /i  and  /,  are  the  intensities  observed,  either  visually  or 
otherwise,  at  wave  lengths  Xj  and  X,,  when  sighting  on  black 
bodies  at  the  absolute  temperatures  0^  and  tf,,  equation  (3)  gives  us 

'^h''^k-'[^.-^]         (4) 

If  the  observations  are  made  at  a  fixed  wave  length  X,  as  through 
monochromatic  absorption  glasses  or  with  a  spectrophotometer, 
equation  (4)  may  be  reduced  to  the  form 

-  =  -  +  ^loe^J  (5) 

by  which  an  tmknown  temperature  0^  may  be  determined  from 
a  known  temperature  0^  by  observations  of  J^  and  /„  if  X  and  c, 
are  known.  An  instrument  for  making  these  observations  con- 
veniently at  a  known  wave  length  in  the  visible  spectnun  consti- 
tutes an  optical  pyrometer. 

If  Wien's  equation,  together  with  a  certain  value  of  c„  be 
asstuned,  an  optical  scale  of  temperature  is  thereby  defined,  when 
a  niunerical  value  has  been  assigned  to  some  fixed  reference  tem- 
perature ^j.  Naturally,  however,  we  desire  to  adopt  such  a  value 
of  c,  as  shall  make  this  scale  agree  with  the  standard  gas  scale 
within  their  common  range  of  about  650®  C  to  1 650®  C.  The  use  of 
the  optical  scale  above  the  Hmits  of  accurate  work  with  the  gas 
thermometer  is  frequently  spoken  of  as  an  extrapolation  of  the  gas 
scale,  but  it  conduces  to  clearness  to  regard  the  optical  scale  as  an 
independent  one  which  can  be  and,  for  convenience,  is  adjusted  to 
agreement  with  the  gas  scale  where  the  two  overlap.  The  accu- 
racy of  this  adjustment  depends  on  the  value  assigned  to  the  con- 
stant c,,  which  is  therefore  of  importance  for  optical  pyrometry 
in  addition  to  its  purely  scientific  interest. 
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From  equation  (4)  it  is  evident  that  any  two  observations  of  the 
intensity  /,  at  known  temperatures  and  wave  lengths,  determine 
the  value  which  c,  must  have  in  order  that  equation  (3)  shall  be 
satisfied.  If  the  observations  are  made  at  a  fixed  wave  length 
and  if  Xtf  is  small  enough  that  equations  (3)  and  (2)  are  sensibly 
identical,  equation  (5)  or  any  equivalent  equation  may  be  used  to 
find  the  value  of  c„  and  the  most  exact  determinations  of  c,  have 
been  made  in  this  way,  by  observations  of  the  so-called  isochro- 
matic  curves  of  intensity  as  a  function  of  temperature  with  X 
constant. 

The  other  most  obvious  method  of  determining  c,  is  to  make  the 
observations  at  various  wave  lengths  on  a  body  kept  at  a  fixed 
temperature,  i.  e.,  to  observe  an  isothermal  or  "  energy  curve  "  as 
it  is  usually  called.  Virtually  all  our  methods  of  analyzing  the 
numerical  results  of  observations  on  black-body  radiation  are  due 
to  Paschen.  One  valuable  method  of  determining  the  value  of  c, 
from  an  observed  energy  curve,  devised  by  Paschen*  before  the 
publication  of  either  Wien's  or  Planck's  equations,  was  in  sub- 
stance based  on  the  supposition  that  the  equation 

/=ca"%"^'  (6) 

of  which  Wien's  equation  is  a  special  case,  was  generally  valid. 
Since  the  method  involves  the  use  of  wave  lengths  so  large  that 
Wien's  equation  is  sensibly  in  error,  it  does  not  give  constant  values 
of  c,  when  used  on  an  accurately  observed  energy  curve,  as  has 
been  noted  by  Coblentz ;  *  but  the  method  may  be  so  modified  as 
to  be  appUcable  to  a  curve  represented  by  Planck's  equation,  as 
will  be  shown  in  this  paper. 

2.  THE  RELATION  BETWEEN  THE  VALUES  OF  C,  AND  ;imd 

From  equation  (3)  we  get 

log/  =  logCi-5  logX-^  (7) 

and 

1  Ann.  d.  Phys.  68,  455;  1896.    Ann.  d.  Phys.  60,  662;  1897. 
*  Phya.Rev.  81,  p.  317,  Sept.,  1910. 
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d\ogJ_     5  .   g» 

d\         \   \^e 

If  Xm  is  the  wave  length  at  which  J  is  a  maximum,  we  therefore 
have 

c,  =  5M  (8) 

If  Wien's  equation  were  exact  and  if  the  value  of  X„  could  be  pre- 
cisely determined,  for  the  given  temperature,  equation  (8)  would 
determine  the  value  of  c,.  This  method,  however,  can  not  give 
accurate  results  if  X^  has  to  be  determined  merely  by  inspection 
of  the  energy  curve,  because  the  abscissa  of  the  highest  point  of 
the  rounded  top  of  the  curve  can  not  be  determined  with  any  great 
precision. 

Now  let  a  horizontal  secant  be  drawn  across  the  energy  curve 
somewhere  below  the  maximum,  and  let  X|  and  X,  be  the  wave 
lengths  of  the  two  points  of  intersection.  These  values  may  be 
read  off  quite  exactly  if  the  secant  is  drawn  at  an  appropriate 
height.     Equation  (7)  applied  to  two  equal  values  of  /  then  gives  us 


5logXi  +  r-^-5  log  \  + 


whence 

Am  A>| 

The  appUcation  of  equation  (9)  to  an  observed  energy  curve  con- 
stitutes Paschen's  method  referred  to  above.  If  the  observed 
curve  were  really  represented  by  Wien's  equation,  equation  (9) 
would  give  the  value  of  c,  and,  by  equation  (8),  of  X„„  much  more 
accurately  than  mere  inspection  of  the  curve.  We  have  to  find 
how  the  process  must  be  modified  to  allow  for  the  fact,  shown  by 
equations  (2)  and  (3) ,  that  for  given  values  of  c^  and  c,  Planck's 
curve  is  ever3rwhere  higher  than  Wien's  curve,  and  that  this 
difference  of  ordinates  increases  with  the  wave  length  at  which 
the  curves  are  compared. 

Let  us  first  find  the  relation  which  is  satisfied  at  the  maximum 
ordinate  of  Planck's  curve.  By  differentiating  equation  (i)  we 
get 
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and  the  conditiQii  that  /  shall  be  a  maxiTnum  enables  us  to  reduce 
this  to  the  form 

C3-5M[i-«"^]  (10) 

The  exponential  term  is  small  and  we  may  proceed  by  suc- 
cessive approximations.     Disregarding  the  correction  and  setting 

^--^»=5  we  have  «"  =0.00674,  whence  as  a  second  approxima- 

mation,  5^3^4-9663.    A  third  approximation  gives  4.9651,  and 

a  fourth  does  not  change  these  figures.    We  therefore  have  for  a 
curve  which  can  be  represented  by  Planck's  equation 

c, = 4.965  X^^  (11) 

If  Planck's  equation  is  a  correct  representation  of  the  observed 
energy  curve,  we  can  therefore  find  c,  from  equation  (11)  by 
inspection  of  the  curve;  but  this  method  is  open  to  the  same 
objection  as  in  the  case  of  Wien's  equation,  and  it  is  not  possible 
to  derive  from  Planck's  equation  any  exact  relation  as  simple  as 
Paschen's  equation  (9) ,  by  which  we  may  make  use  of  the  wave 
lengths  for  any  pair  of  equal  ordinates.  Nevertheless,  the  impor- 
tance of  the  value  of  the  constant  c,  makes  it  desirable  to  utilize 
energy  curves  as  well  as  isochromatics  in  determining  this  value, 
and  to  use  a  more  accurate  method  than  that  of  determining  X,^ 
by  inspection. 

In  the  following  sections  two  methods  are  given  for  finding  the 
value  of  c,  by  the  method  of  equal  ordinates  from  an  observed 
energy  curve,  when  the  portions  of  the  curve  used  are  represent- 
able  by  Planck's  equation.  The  first  of  these  methods,  which  is 
only  approximate,  is  indirect  and  consists  in  the  substitution  in 
equation  (9)  of  corrected  values  of  the  wave  lengths  read  from 
the  energy  curve,  the  point  of  the  method  being  in  the  determi- 
nation of  these  corrections.  It  occurred  to  one  of  the  writers  in 
consequence  of  a  conversation  with  Dr.  W.  W.  Coblentz,  who  has 
already  alluded  to  it.* 

The  second  method  is  based  directly  upon  Planck's  equation, 
and  gives  a  relation  similar  to  equation  (9)  but  with  certain  cor- 
rection terms  added.     These  may  be  computed  exactly,  but  the 

'Coblentz,  loc.  cit.    See  also  Jahrb.  der  Radioaktivit&t  tind  Hlektronik  8,  p.  x ;  19x1. 
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work  may  be  shortened  by  an  approximation  which  will  be  shown 
to  be  permissible.  This  method,  which  is  due  to  the  second  of  the 
writers,  is  simpler  in  application;  at  least  as  exact,  even  in  its 
approximate  form;  and  altogether  preferable  to  the  first  method, 
which  retains  a  value  only  for  checking  purposes.  Each  of  the 
methods  presupposes  a  knowledge  of  the  approximate  value  of  c,, 
so  that  in  some  cases  successive  approximations  might  be  necessary. 

3.  COMPUTATION  OF  WIEN'S  CURVE  FROM  AN  OBSERVED  CURVE     * 

We  now  asstune,  as  is  justified  by  the  experimental  confirma- 
tions of  the  validity  of  Planck's  equation,  that  if  the  results  of 
accurate  observations  on  7=/(X)  at  0  constant  are  plotted,  the 


resulting  ctu^e  may  be  represented  by  Planck's  equation  with 
appropriate  values  of  Ci  and  Cj.  The  value  of  Cj  influences  the 
vertical  scale  but  not  the  form  of  the  curve,  and  need  not  occupy 
our  attention. 

Let  PP  in  the  figure  be  the  observed  ctu^e,  and  let  WW  be 
a  curve  plotted  from  Wien's  equation  with  the  same  values  of 
Ci  and  Cj  that  must  be  used  to  make  Planck's  equation  represent 
the  observed  curve.  Let  the  horizontal  secant  ABDE  cut  the 
curves  at  the  wave  lengths  X  X'  and  X',  Xj.  Let  /  be  the  ordinate 
of  A  and  /'  the  ordinate  of  a  point  C  on  the  Wien  curve  directly 
below  A. 

The  curves  are  not  far  apart  and  if  the  secant  is  not  too  close 
to  the  maximum  of  the  inner  curve  W^,  the  lines  BC  and  DF 
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may  be  treated  as  straight.     Considering  the  triangle  ABC,  we 
now  have 

CA_dJ'_J-J' 

AB     dk^X'-X 
whence 

^  ^   dr  (12) 

dX 
From  equations  (i)  and  (3)  we  have 

From  equation  (3)  we  get 

Substituting  these  values  in  equation  (12),  we  have 

V-X^..       ^'' 

whence 

x'=xM+7-5     \  (13) 

If  c,  and  ^  are  given,  and  X  is  the  wave  length  of  an  observed 
point  A,  equation  (13)  permits  us  to  find  the  wave  length  X'  of 
the  adjacent  point  B  at  the  same  height  on  Wien's  curve.  The 
same  formula  holds  for  the  points  D  and  E  on  the  long  wave 
length  side  of  the  maximum,  the  sign  of  the  correction  term 
changing  when  5X^  passes  through  the  value  c,.  This  correction 
term  is  small  and  an  approximate  value  of  c,  is  sufficient  for 
computing  its  value  unless  c^  —  ^XO  is  small,  or  X  very  large,  and 
in  either  case  the  whole  reasoning  is  invalidated  because  BC  and 
DF  are  then  no  longer  sensibly  straight. 

We  have  now,  in  equation  (13),  an  approximate  rule  by  which, 
from  the  wave  lengths  X^  and  X,  at  which  equal  intensities  /  were 
observed,  the  values  X'^  and  X',  may  be  found  for  two  points  at 
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the  same  height  on  a  curve  drawn  from  Wien's  equation  with  the 
values  of  c^  and  c,,  which  would  make  Planck's  equation  fit  the 
observed  curve. 

For  example:   Let  c,=i46oo;   ^  =  i46o®abs.  ^iiSyX;    ^=io. 

The  maximum  of  the  Wien  curve  lies  at  X^«=Ca/5tf=2,  so  that 
values  of  X  in  the  immediate  vicinity  of  2  must  not  be  used.     By 
equation  (13)  we  get 
ForX=     I  3  5  8 

—  =1.0000  0.9773  0.9478  0.8921 

In  general,  the  value  of  X'/X  on  the  short  wave  length  side  of 
the  maximum  will  be  so  close  to  unity  that  no  correction  is  needed 
and  only  the  other  point  need  be  considered.  For  a  given  tem- 
perature, the  value  of  X'/X  may  be  computed  once  for  all,  as  is 
done  above  for  1187®  C,  and  plotted  against  X,  so  that  the  cor- 
rection factor  may  be  read  oflF  from  this  correction  curve  without 
a  special  computation  for  each  point.  A  series  of  such  curves 
constructed  for  diflferent  temperatures  could  be  used  by  interpo- 
lation for  intermediate  temperatures. 

Accordingly,  if  we  read  from  an  observed  energy  curve  the  wave 
lengths  Xj  and  X,  at  which  the  curve  is  intersected  by  a  horizontal 
secant,  equation  (13)  permits  us  to  find  the  wave  lengths  Xj'  and 
X',  which  would  satisfy  Wien's  equation  with  the  same  values  of 
Ci  and  c,  as  make  Planck's  equation  fit  the  observed  curve. 
Substitution  of  these  values  in  Paschen's  equation  (9)  will  then 
give  us  the  value  of  c,,  though  X^^  for  the  observed  curve  is  larger 
than  \'m  for  the  Wien  curve,  in  the  ratio  5:4.965. 

4.    METHOD    OF    COMPUTATION    INDEPENDENT    OF   WIEN'S    CURVE 

If  Planck's  equation  be  written  in  the  form 

we  have 

log  y.=log  Ci-5  log  \-^^-log  (i  -e~*»)  (15) 


gSwijS*"]  Constant  C,  of  Planck's  Equation  401 


and  if,  as  before,  a  horizontal  secant  at  the  height  /  intersects  the 
observed  energy  curve  at  the  wave  lengths  \  and  X,,  equation 
(15)  gives  us 


50 


^     ^L  ^  (i6) 


- 1  log  (i  -«-w)] 


Upon  comparison  with  equation  (9)  it  will  be  seen  that  the  pres- 
ent equation  dijBfers  from  the  former  by  two  correction  terms  of 
opposite  sign.     By  means  of  the  formula  * 

I— e"^V  =  — ^"^ — e  A» — e  *•  — etc.  (17) 

equation  (16)  may  also  be  put  into  the  form 


5^.  ^^ 


(logX,-logXi)-i(e  ^^-e  A?*) 


-  — (e"^-^"^)+ etc.  I 


(18) 


If  in  (18)  all  the  correction  terms  after  the  first  are  neglected,  as 
will  be  shown  to  be  permissible,  equation  (18)  enables  us  to  com- 
pute c,  from  a  prehminary  approximate  value  much  more  con- 
veniently than  was  possible  by  the  method  described  in  section  3. 
We  have  now  to  investigate  the  error  caused  by  neglecting  all 
the  correction  terms  after  the  first  in  equation  (18).  The  error  is 
evidently  of  the  order  of  the  first  correction  term  neglected, 
inasmuch  as  the  series  in  equation  (17)  is  convergent  for  all  pos- 
sible values  of  X  and  0;  the  fractional  error  is  therefore  of  the 
I  /  _?^      ^^\ 

order  of  loj ^.    This   expression    may   be   simplified, 

(log  X,  -  log  Xi) 


^  An  equivalent  of  this  fonn  of  the  complete  solution  for  c^  has  been  worked  out 
and  used  by  W.  W.  Coblentz.  In  rather  complicated  form,  the  solution  was  given 
in  the  Physical  Review  29, 553;  1909.  Slight  errors  which  appear  in  the  formula  as 
there  printed  are  corrected  in  a  paper  by  Dr.  Coblentz,  to  appear  in  the  Physical 
Review  82,  Jime-July,  191 1. 

^  Peirce's  "Short  Table  of  Integrals,"  formula  768. 
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since  X^  is  less  than  X,,  and  in  practical  cases  the  second  term  of 
the  numerator  is  accordingly  small  relative  to  the  first,  and  since, 
furthermore,  it  is  sufficiently  accurate  for  this  purpose  to  set 

^  =  5  X„.     Hence  we  may  state  the  fractional  error  to  be  of  the 

order  of 


e     *« 


10  log  ^ 


(19) 


The  complete  investigation  of  this  expression  for  the  error  would 
require  diflFerentiation  with  regard  to  \  or  X3,  and  this  leads  to 
complicated  expressions,  but  it  will  be  sufficient  to  compute  the 

magnitude  of  J  for  a  few  values  of  ^.  The  values  computed  are 
as  follows: 

For^=    1.25  1.5  2.  3.  4. 

^=0.00008        0.00017        0.00055        0.0019        0.0036 

The  values  of  X^  used  in  the  computations  were  read  from  a  ciu-ve 
representing  Planck's  equation.  It  should  be  noted  that  the 
expression  for  the  error,  in  (19),  does  not  contain  the  tempera- 
ture 0,  but  is  determined  entirely  by  ^  and  -^^     Accordingly  the 

error  is  not  different  for  the  curves  of  different  temperatiwes  if  we 

take  X,  at  ** corresponding  points"*  of  the  curves  in  the  sense  of 

X. 
Wien's  displacement  law,  i.  e.,  keep  the  ratio  ;r-^  constant.     This 

does  not  require  that  the  same  X|  be  taken  in  computing  c,  from 
observed  energy  curves  of  different  temperatiu-es,  which  would  be 
impracticable  on  account  of  the  absorption  bands  not  falling  at 
"corresponding  points.''  This  discussion  relates  only  to  the 
equality  of  the  errors  at  **  corresponding  points." 

From  a  consideration  of  the  errors  involved  we  find  that  for 
most  practical  cases  equation  (18)  may  be  simpUfied  to  the  form: 

c,  =  ^Z^[5  (log  X,  -  log  X,)  -  ^-A^]  (20) 

^  See  the  note  at  the  end  of  this  paper. 
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which  is  only  slightly  more  complicated  than  Paschen's  equation 
itself.  The  error  in  this  equation  is  of  the  same  order  as  that 
given  in  (19),  viz,  less  than  3  parts  in  1000  for  values  of  X,  up  to 
about  3.5  times  \,.  For  X,  >3.5  \,  the  ciuve  becomes  so  flat  that 
no  accurate  readings  could  be  made  and  the  increase  of  the  error 
beyond  this  point  is  of  no  importance.  The  best  part  of  the 
curve  to  use  is  that  for  which  >,  lies  between  1.2  \,  and  2.5  X„,  if 
the  temperature  is  such  that  no  absorption  bands  affect  the 
experimental  determination  of  this  part  of  the  curve. 

If  the  experimental  accuracy  makes  it  desirable,  the  second 
correction  term  in  equation  (18)  may  be  used  or  the  exact  equa- 
tion (16)  may  be  used,  but  it  is  doubtful  if  this  will  ever  be  neces- 
sary with  the  present  experimental  accuracy.  In  the  same  way 
as  mentioned  above  in  the  discussion  of  equation  (13)  the  correc- 
tion to  Paschen's  equation  can  be  calculated  once  for  all  from 
equation  (16)  and  plotted  for  future  reference.  This  is,  however, 
hardly  necessary,  for  it  would  be  scarcely  any  less  labor  to  read 
the  correction  from  the  correction  curve  than  to  calctdate  the 
exponential  term  in  equation  (20)  by  a  slide  rule  and  a  short  table 
of  exponentials. 

5.  APPLICATION  OF  THE  FOREGOING  RESULTS 

The  appUcation  of  the  methods  developed  in  this  paper  may  be 
illustrated  by  a  table  of  results  obtained  by  readings  from  an 
energy  curve  drawn  to  represent  Planck's  equation  with  the 
values  ^==1442®  abs.  and  Ca  =  14500,  and  having  its  maximum 
ordinate  at  X„i  =  2  /i.  This  curve,  which  was  drawn  several  years 
ago,  is  on  a  rather  small  scale,  viz,  i/i  =  20  mm  and  J^  «  243  mm,  so 
that  the  errors  of  reading  from  the  curve  are  larger  than  they 
would  usually  be  in  practice.  The  readings  were  made  in  the 
vicinity  of  some  of  the  14  computed  points  (X=o.5  /i  to  X  =  7.8  /i) 
from  which  the  curve  was  constructed.  They  should  give  the 
exact  values  of  X^  and  X,  corresponding  to  the  assumed  data, 
c,  =  14500  and  ^  =  1442®  abs.,  within  about  0.02  /i,  except  for  the 
last  value  of  Xj  which  may  be  more  in  error.  On  the  whole,  the 
accidental  errors  in  the  values  of  Xj  and  X,  as  read  are  not  unlike 
what  might  be  expected  in  the  case  of  an  observed  energy  curve. 
In  order  not  to  give  the  computations  an  unfair  advantage,  the 
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value  C2»  14600  was  used  as  an  approximation  in  equations  (13) 
and  (20). 

The  first  and  second  colunms  of  the  table  give  the  pairs  of  values 
of  \i  and  X,.  The  third  column  gives  the  values  of  c,  computed 
by  the  Paschen  equation  (9) ;  the  foiuth  gives  the  values  computed 
by  the  method  of  section  3,  using  equations  (13)  and  (9) ;  and  the 
fifth  those  computed  by  equation  (20) .  The  last  column  gives  the 
values  of  (\|  —  \'^  as  found  by  equation  (13)  and  shows  the  increas- 
ing horizontal  separation  of  the  Wien  and  Planck  ciuves  with 
increasing  wave  length. 


1 

2 

3 

4 

5 

6 

Ai 

At 

eqnt.  (13) 
A  (9) 

Ct 

eqn.  (20) 

At-A't 

1.54 

2.74 

14610 

14510 

14480 

0.053 

1.30 

3.45 

14650 

14500 

14520 

0.102 

1.17 

4.03 

14700 

14400 

14500 

0.143 

1.03 

4.95 

14720 

14440 

14480 

0.249 

0.85 

7.22 

14S60 

14390 

14520 

0.655 

The  progressive  increase  of  the  values  in  column  3  shows  clearly 
that  Paschen's  equation  is  not  applicable  to  the  present  curve, 
drawn  from  Planck's  equation.  The  values  in  column  4  are  con- 
stant within  the  errors  of  X^  and  \  up  to  about  4.5  /i,  or,  to  ^  =2.25. 

Beyond  this  point  they  decrease,  showing  that  the  assumptions 
on  which  the  method  of  section  3  is  based  are  no  longer  sufficiently 
exact.  The  values  in  column  5  are  constant  within  the  errors  of 
\  and  Xj,  and  give  the  mean  value  14500,  showing  incidentally 
that  Ca »  14600  was  a  stifiiciently  accurate  value  for  use  in  the 
computations  and  that  no  further  approximation  is  needed  unless 
the  values  of  X^  and  X,  are  much  more  accurate. 

6.   NOTE  ON  "CORRESPONDING  POINTS'' 

Wien's  displacement  law  states  that  if  the  curve  of  energy  dis- 
tribution in  the  spectrum  of  the  radiation  from  a  black  body  at  the 
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absolute  temperature  d  be  plotted  with  the  intensity  /  as  ordinate 
against  the  wave  length  X  as  abscissa,  the  curve  for  any  other 
temperature  0^  may  be  obtained  from  the  first  by:  (a)  multiplying 

the  wave  length  of  each  point  by  ^,  and  (6)  changing  the  ordinate 

of  each  point  in  a  ratio  which  is  the  same  for  all  points  but  is  not 
specified  by  this  law. 

Each  point  on  the  first  curve  is  therefore  represented  by  a 

"corresponding"  point  on  the  second.    Since  X'  =Xg>  or  X'0'  =Xtf, 

we  may  also  define  corresponding  points  on  the  energy  curves  for 

different  temperatures,  as  points  at  which  the  value  of  \0  is  the 

same.     If  X^,  X,,  and  X^  are  the  abscissas  of  any  three  points  on  the 

curve  for  the  temperature  0,  and  X'l,  X'„  and  X'^  are  the  abscissas  of 

X'       X« 
the  corresponding  points  on  that  for  0\  we  evidently  have  ^r  ^^i 

\  I      Xj 

X'        X«  X'      X, 

«  =^;  and  ^  =^  [see  equation  (19)].     If  X«  is  the  abscissa  of 

Af    m  Am  At    I  Am 

some  point,  such  as  a  maximiun  of  /,  defined  by  some  analytical 
condition,  corresponding  points  may  also  be  defined  as  points  of 
which  the  wave  lengths  bear  the  same  ratio  to  the  wave  length  X^i 
on  the  two  curves. 

Wien's  displacement  law  makes  no  reference  to  the  form  of  the 
function  /  =/(X) ;  it  merely  says  that  any  two  energy  ciu^es  for 
black  body  radiation  may  be  made  identical  by  plotting  wave 
lengths  in  units  which  are  proportional  to  the  absolute  temperature 
of  the  black  body  emitting  the  radiation,  and  then  changing  the 
scale  of  the  ordinate  /.     The  change  of  vertical  scale  is  given  by 

of  the  curve  is  proportional  to  0*.  This  requires  that  the  ordinates 
of  corresponding  points  on  two  energy  curves  shall  be  in  the  ratio 

J      ^ 
Perhaps  the  clearest  representation  of  the  substance  of  these 
two  laws  is  by  a  surface  with  X,  /*,  and  0  as  its  x,  y,  and  z  coordi- 
nates.    As  this  surface  is  swept  out  by  the  energy  CMcve,  in  the 
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form  /*— ^(X),  with  changing  tf,  any  point  on  the  energy  curve 
describes  a  curve  which  lies  in  a  plane  containing  the  X  axis.  All 
the  points  on  this  curve  "correspond"  to  one  another.  The  pro- 
jection of  this  curve  on  the  \  6  plane  is  an  equilateral  h}rperbola 
since  X^  remains  constant. 

Washington,  April  26,  191 1. 
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I.  INTRODUCTION 

• 

A  comparative  test  of  switchboard  voltmeters  and  ammeters 
was  recently  made  at  the  Bureau  of  Standards  for  the  Bureau  of 
Equipment  of  the  Navy  Department.  All  American  makers  whose 
addresses  were  known,  who  make  instruments  of  the  specified  size 
and  type,  were  given  an  opportimity  to  submit  instruments.  Each 
of  eight  different  makers  submitted  a  voltmeter  and  an  ammeter. 
The  range  of  the  voltmeters  was  o  to  1 50  volts  and  of  the  ammeters 
83226°— II 7  407 
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o  to  200  amperes,  the  latter  having  separate  shunts.  As  the  test 
was  quite  comprehensive  in  regard  to  this  type  of  instruments,  it 
appears  desirable  to  publish  some  of  the  results.  A  general  view 
of  the  voltmeters  is  shown  in  Fig.  i . 

Descriptions  of  electrical  instruments  usually  give  only  very 
general  information.  For  some  purposes,  however,  it  is  necessary 
to  have  at  least  approximate  numerical  values  of  the  details  of 
construction  and  operation  of  such  instruments.  For  this  reason 
the  results  of  various  tests  and  measurements  are  given  in  this 
article. 

The  test  was  divided  into  two  parts — (i)  the  performance  of 
the  instruments,  and  (2)  the  determination  of  their  structural 
constants  and  dimensions  of  parts. 

The  points  covered  under  these  two  main  heads  are  indicated  in 
the  contents,  II  and  III.  The  test  was,  of  course,  carried  on 
separately  for  the  voltmeters  and  the  ammeters.  In  the  figures 
and  tables  shown,  the  voltmeters  of  the  different  makers  are  desig- 
nated as  A,  B,  C,  D,  E,  F,  G,  and  H.  Similarly  the  ammeters  are 
designated  as  a,  b,  c,  d,  e,  f,  g,  and  h,  the  same  letter,  capital  or 
small,  corresponding  to  the  same  maker.  The  order  of  the  lettering 
bears  no  relation  to  the  grouping  in  the  photographic  plates. 

n.  PERFORMANCE  OF  THE  INSTRUMENTS 

1.  ACCURACY  OF  CALIBRATION 

Figs.  2  and  3  show  the  errors  in  calibration  of  the  voltmeters 
and  the  ammeters,  at  room  temperattu-es  of  18  and  25^  C, 
respectively.  The  error  at  zero  refers  to  the  voltage  or  current 
indicated  on  open  circuit.  A  few  years  ago  Eiu'opean  makers 
introduced  the  use  of  a  zero  adjustment  on  portable  instruments 
and  it  has  since  been  adopted  to  a  considerable  extent  by  makers 
in  this  country.  Such  an  adjustment  is  also  found  on  the  instru- 
ments of  one  maker  in  this  test,  and  it  seems  desirable  that  all 
should  be  so  provided. 

Two  other  errors  are  to  be  looked  for  in  the  instrument  calibra- 
tion, the  scale  error  and  the  adjustment  of  the  sensibility.  With 
the  zero  in  adjustment  the  instrument  can  be  made  to  read  cor- 
rectly at  any  one  point  of  the  scale  by  adjusting  its  sensibility. 
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and  if  the  scale  fits  the  instrument,  it  will  then  be  correct  through- 
out its  range.     It  is  desirable  that  the  flux  density  in  the  air  gap 


+  2.0 

2 

0 

4 

0 

6 

0 

80 

r— — jT— ^ 

100 

120 

140 

1( 

SO 

1i 

X) 

'  200 

1 

Y^ 

' 

'^~ 

' 

— 



— i — 1 

""^ 

0 
-2.0 

+  2.0 

0 

r 

' 

-^ 

x^ 

>— ^ 

-2.0 
+  2.0 

r  ■" 

* 

, 



— 

0 

— "^ 

N-^ 

^ 

1" 

--2.0 
+  Z0 

— 

- 

— 

-- 

. 

. 

__ 

I" 

uj        0 

d+2.0 

3 

u. 

• 

a 

H— 2  0 

UJ 

8-4.0 

UJ 

'^-e.o 

1  +  2.0 

a: 

0( 

-2.0 

r— 

1 

^ 

^ 

^— ^ 

-— 

^ 

k — 

^— 

— ' 



, 

1 

, 

_ 

, 

^ 

— 

b 

• 

, 

N. 

+  2.0 

0 
-2.0 

+  2.0 

, 

, 

-- 

^— 

•^ 

* 

• 

« 

^ 

- 



» 

0, 
-2.0 

*~"~ 

— ' 

— 

^-^ 



■ 

2 

0 

M 

9 

6 

0 

6 

0 

1C 
AMf 

K) 
>ERE 

.8. 

20 

V 

K) 

16 

>0 

18 

iO 

2C 

10 

Fig.  3. — Calibration  Curves  of  Ammettrs 

should  be  uniform,  as  in  that  case  the  scale  will  be  one  of  equal 
divisions.     As  to  making  the  final  adjustment  of  the  sensibility, 
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this  can  be  done  in  several  ways.  In  a  voltmeter  the  strength 
of  the  magnets  or  springs  may  be  changed,  or  the  series  resist- 
ance may  be  altered. 

In  an  ammeter  the  shtmt  is  an  additional  factor  which  may  be 
changed.  Another  method  is  to  shtmt  the  moving  coil  circuit. 
In  an  analogous  manner  the  magnetic  circuit  may  also  be  shunted 
by  a  small  piece  of  iron.  While  all  these  methods  are  used,  in 
practice  the  one  that  has  been  most  generally  employed  is  that  of 
altering  the  series  resistance. 

It  will  be  noticed  that  the  errors  of  calibration  are  small  on  all 
the  voltmeters,  while  in  the  case  of  the  ammeters  they  are  much 
greater.  The  irregularities  in  most  of  the  curves  show  that  the 
scales  do  not  fit  well,  aside  from  the  fact  that  the  sensibility  is 
not  closely  adjusted.  Although  accuracy  is  more  difficult  to 
obtain  in  ammeters  than  in  voltmeters,  partly  owing  to  the  low 
resistance  of  the  millivoltmeter  circuit,  still  the  errors  shown  on 
some  of  these  ammeters  are  excessive,  taking  into  consideration 
the  fact  that  all  were  new. 

2.  RESISTANCE  AND  POWER  CONSUMPTION 

In  Tables  I  and  II  are  given  the  results  of  the  test  coming  under 
the  remaining  headings  on  performance.  The  power  loss  in 
direct  current  voltmeters  is  so  small  that  it  is  unimportant, 
although  the  values  vary  by  a  factor  of  more  than  two.  For 
ammeters  it  is  of  course  desirable  to  have  the  drop  at  the  shunts 
as  low  as  is  consistent  with  accuracy  of  indication.  Some  engi- 
neers specify  a  drop  of  from  60  to  75  millivolts  at  full  scale,  and  it 
will  be  seen  by  reference  to  the  table  that  good  performance, 
except  as  to  temperature  coefficient,  can  be  secured  with  even 
less  drop  than  this. 

(a)  Shunts — ^Temperature  Effects,  etc. — ^Another  important 
point  is  to  design  the  shunts  so  that  the  heat  developed  wiM  be 
dissipated  without  an  undue  rise  of  temperature.  For  this  pur- 
pose the  best  practice  is  to  use  a  number  of  resistance  plates  con- 
nected in  parallel  between  comparatively  heavy  lugs,  with  the 
spaces  between  the  plates  open  above  and  below.  This  facili- 
tates convection  currents  in  the  air  in  carrying  away  the  heat 
produced  in  the  shunts. 
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TABLE  I 
Performance  of  Voltmeters 


Voltmeter 


Resistance  (ohms). 
Watts  at  150  volta.. 


Per  cent  change  from  stand- 
ing one  hour  at  150  volta  ^ . . 

Per  cent  change  firam  revers- 
ing a  stray  field  of  4  gausses . 

Damping.  Time  in  seconds 
to  come  to  rest  after  closing 
on  120  volta 


Mechanical  balance.  Maxi- 
mum deviation  of  index,  per 
cent  of  full  scale ' 


Insulation  resistance  between 
coil  and  case,  in  megohms. . 

Temperature  coefficient    Per 
cent  change  per  degree  C  '. . 


A 

B 

C 

12450 
1.81 

16180 
1.39 

18400 
1.22 

-0.2 

-0.2 

-0.1 

0.8 

2.2 

1.5 

0.8 

4.8 

2.1 

0.0 

a4 

0.2 

>75 

15 

37 

-0.01 

-0.03 

-0.03 

7540 
2.99 


-0.1    -0.3 


12350 
1.82 


1.1 


1.2 


ai 


>75 


-0.02 


2.5 


4.6 


a3 


75 


-0.02 


F 

o 

14380 
1.56 

16760 
1.34 

ao 

+0.1 

2.3 

1.2 

2.4 

2.8 

0.1 

0.1 

>75 

25 

-a  01 

+aQ2 

14190 
1.58 

-0.2 

1.7 


3.7 


0.1 


>75 


-a  01 


^  The  minus  sign  indicates  that  less  voltage  was  required  at  the  end  of  the  period. 

'  In  this  test  the  instrument  is  turned  at  different  angles. 

'  The  minus  sign  indicates  that  less  voltage  was  required  at  the  higher  temperature 


TABLE  n 
Performance  of  Ammeters 


Ammeter 


Resistance  of  millivoltmeter 

(ohms) 
Shunts: 

MiUivolts  at  iuU  load 

Watts  loss  at  full  load — 


Temperature  rise  in  plates 
at  full  load  °C 

Temperature  rise  in  lugs 
atiuUload°C 


Thermal  emf.  after  one 
hour  at  full  load,  milli- 
volts  

Total  change  of  resistance 
from  25^  to  50""  C 
(per  cent)* 


a 

b 

c 

d 

e 

f 

I 

1.3 

3.7 

2.7 

0.9 

2.0 

1.3 

4.8 

50 

74 

60 

49 

70 

50 

61 

10 

14.8 

12 

9.8 

14 

10 

12.2 

53 

73 

69 

38 

70 

66 

62 

40 

59 

58 

20 

45 

58 

50 

0.0 

0.7 

0.0 

0.0 

0.4 

0.3 

0.1 

+0.5 

+0.1 

+0.2 

+0.1 

+0.4 

0.0 

+0.1 

3.2 

97 
19.4 

82 

43 

0.1 


+0.1 


*  The  plus  sign  indicates  an  increase  in  resistance  with  rise  of  temperature. 
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TABLE  II— Continued. 
Performance  of  Ammeters — Continued. 


Ammeter 


Per  cent  diange  from  stand- 
ing deflected  at  full  load 
for  one  hour' 


Per  cent  change  from  revers- 
ing a  stray  field  of  4  gausses . 

Damping.  Time  in  seconds 
to  come  to  rest  alter  closing 
circuit  on  160  amperes 

Mechanical  balance.  Maxi- 
mum deviation  of  index, 
per  cent  of  full  scale  * 

Insulation  resistance  between 
case  and  coil,  in  megohms . . 

Temperature  coefficient.  Per 
cent  change  per  °C.^ 


a 

b 

c 

d 

0 

f 

c 

-0.5 

-1.2 

-0.9 

-0.1 

-1.6 

-0.4 

-0.3 

0.7 

1.5 

1.4 

1.1 

3.5 

1.6 

as 

1.1 

2.6 

1.6 

1.4 

5.8 

2.1 

2.4 

0.9 

0.7 

0.7 

0.4 

0.6 

0.6 

0.8 

75 

75 

37 

75 

>75 

>75 

9 

+0.11 

+0.08 

+0.09 

+0.15 

+0.15 

+0.32 

+0.28 

-0.6 


1.9 


2.4 


0.7 


75 


+0.20 


^  The  minus  sign  indicates  that  less  current  was  required  at  the  end  of  the  period. 
*  In  this  test  the  instrument  is  turned  at  different  angles. 

^  The  plus  sign  indicates  that  more  current  was  required  at  the  higher  temperature 
for  the  same  indication. 

3.  CHANGE  m  INDICATIONS  DUE  TO  STANDING  UNDER  LOAD— ZERO 

SHIFT,  ETC. 

In  direct  current  voltmeters  there  are  two  principal  causes  of 
change  in  indications  from  standing  under  load — ^zero  shift  and 
change  of  resistance.  None  of  these  voltmeters,  however,  showed 
any  appreciable  zero  shift,  but  they  did  show  change  of  resistance 
of  the  same  order  as  the  change  in  indications. 

In  direct  current  ammeters  the  principal  causes  of  this  change 
are  zero  shift  of  the  miUivoltmeters,  the  change  of  resistance,  and 
the  thermoelectric  effect  in  the  shunts.  Where  this  thermoelectric 
effect  exists,  an  emf  will  be  found  at  the  shunts  after  the  circuit 
is  opened,  due  to  the  extra  heating  of  one  junction  by  the  current. 
The  same  effect  will  be  produced  by  any  condition  which  occa- 
sions imequal  heating  of  the  ends  of  the  shunt,  such  as  a  bad 
contact  at  one  end  or  a  difference  in  the  size  of  the  conductors 
connected  to  the  shtmt. 
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Table  III  gives  the  computed  per  cent  changes  due  to  thermal 
emf  and  to  heating  imder  full  load,  compared  with  the  observed 
change  in  indication  from  standing  deflected  under  the  same  con- 
ditions. The  computed  values  are  based  on  the  values  found 
separately  for  the  thermal  emf  of  the  shunts  and  their  change  of 
resistance  under  load.  It  will  be  noticed  that  the  thermal  and 
heating  effects  account  for  most  of  the  change,  especially  as  such 
instruments  can  not  be  relied  upon  to  repeat  their  readings  better 
than  0.2  or  0.3  per  cent.  This  is  partly  due  to  the  fact  that  no 
parallax  mirror  is  provided  in  switchboard  instruments,  and  hence 
the  error  of  reading  is  greater  than  in  portable  instruments  of  the 
same  type. 

TABLE  m 


AmmeCer 

a 

0.0 
0.8 

b 

1.0 
0.3 

c 

0.0 
0.6 

d 

0.0 
0.2 

0 

0.6 
1.1 

f 

0.6 
0.0 

c 

0.1 
0.2 

li 

Change  due  to  thermal  emf  . 
Change  due  to  heating 

.Percent.. 
do 

......do.... 

do 

0.1 
03 

Sum 

Observed  change 

0.8 
0.5 

1.3 
1.2 

0.6 
0.9 

0.2 
0.1 

1.7 
1.6 

0.6 
0.4 

0.3 
0.3 

0.4 
0.6 

4.  EFFECT  OF  STRAY  FIELD 

To  simulate  the  effect  of  a  stray  field  a  current  of  100  amperes 
was  passed  through  a  coil  of  two  turns  62.5  cm  in  diameter.  The 
instrument  under  test  was  placed  so  that  its  moving  coil  was  at 
the  center  of  this  external  coil,  where  the  magnetizing  force  in  air 
would  be  4  gausses,  and  with  coil  and  instrument  in  such  relative 
position  that  the  field  due  to  the  external  coil  was  in  the  same 
direction  as  that  in  the  air  gap  of  the  instrument.  The  above 
field  strength  is  about  five  times  the  strength  of  the  earth's  field 
and  is  equal  to  the  field  at  a  distance  of  25  cm  from  a  straight  bus 
bar  carrying  500  amperes.  As  the  effect  was  obtained  by  revers- 
ing this  magnetizing  force,  the  change  in  the  field  is  about  ten 
times  the  earth's  field,  or  forty  times  that  of  the  horizontal  com- 
ponent, which  is  usually  the  only  one  effective  in  causing  an  error. 
In  practice,  however,  the  greatest  trouble  from  stray  field  is  that 
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due  to  heavy  currents  in  the  neighborhood  of  the  instrument. 
The  results  of  this  test  are  given  in  Tables  I  and  II.  Small  fields 
will  produce  no  appreciable  effect  when  acting  at  right  angles  to 
that  in  the  air  gap  of  the  instrument. 

5.  DAMPING 

One  of  the  most  important  points  in  the  practical  use  of  an 
instrument  is  its  damping.  It  is  important,  not  only  for  the  ease 
and  convenience  of  taking  readings,  but  the  accuracy  of  the  read- 
ings will  often  depend  upon  it.  Good  damping  also  reduces  the 
wear  on  the  pivots  due  to  the  swing  of  the  pointer  with  unsteady 
current  or  voltage,  and  it  lessens  the  danger  of  injury  in  cases  of 
momentary  overload.  The  universal  method  used  for  damping 
direct-current  moving-coil  instruments  is  to  wind  the  coil  on  an 
aliuninum  frame,  which  acts  as  a  magnetic  damper.  Th6  amount 
of  damping  depends  upon  the  amoimt  of  metal  used  in  the  frame, 
the  torque,  the  moment  of  inertia  of  the  moving  element,  and  the 
flux  in  the  air  gap.  In  a  voltmeter  the  damping  due  to  the  coil 
itself  is  negligible,  because  of  the  large  external  resistance  in  series 
with  it;  but  in  an  ammeter  it  is  an  appreciable  part  of  the  total 
damping.  As  a  measure  of  the  efficiency  of  the  damping,  the 
length  of  time  required  for  the  needle  to  come  to  rest  after  closing 
the  circuit  was  measured  by  a  stop  watch.  The  results  for  the 
voltmeters  are  given  in  Table  I,  for  the  ammeters  in  Table  II. 

The  best-damped  instruments  come  to  rest  as  quickly  as  an 
accurate  reading  can  be  made,  while  the  more  poorly  damped  ones 
made  seven  or  eight  (single)  swings  before  coming  to  rest,  so  that 
there  was  a  very  decided  difference  in  the  ease  with  which  read- 
ings could  be  made. 

An  interesting  relation  between  damping  and  ratio  of  torque  to 
weight  is  brought  out  by  these  instruments,  and  is  discussed  later 
in  paragraph  III  lb. 

6.  MECHANICAL  BALANCE  OF  MOVING  SYSTEM 

For  this  test  the  instruments  were  turned  in  different  positions 
and  the  maximum  change  of  position  of  the  index  observed.  The 
results  are  given  in  Tables  I  and  II. 
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The  moving  element  is  usually  provided  with  two  sets  of 
adjustable  weights  carried  on  arms  placed  at  right  angles.  By 
adjusting  these  the  center  of  gravity  can  be  brought  to  the  axis. 

7.  INSULATION  RESISTANCE 

This  test  was  made  with  500  volts  direct  current  applied  be- 
tween case  and  coils.  In  Tables  I  and  II  the  sign  >  indicates 
that  the  resistance  was  greater  than  75  megohms,  as  that  was  the 
limit  of  sensibility  of  the  apparatus  used. 

8.  TEMPERATURE  COEFFICIENT 

In  the  voltmeters  the  temperature  coefficient  is  a  summation 
effect  of  the  temperature  coefficients  of  the  strength  of  the  mag- 
nets and  springs  and  the  resistance  of  the  coils.  In  the  amme- 
ters there  is  the  added  effect  of  the  change  in  resistance  of  the 
shunts.  In  the  voltmeters,  which  have  large  series  resistances, 
the  principal  changes  should  be  those  due  to  the  magnets  and 
springs,  as  resistance  materials  of  negligible  temperature  coeffi- 
cient are  readily  obtainable.  The  elasticity  of  the  springs  has 
a  temperature  coefficient  of  about  —0.04  per  cent  per  degree  C; 
that  is,  they  are  weaker  at  higher  temperature.  The  tempera- 
ture coefficient  of  the  magnets  may  be  plus  or  minus;  but  it  is 
usually  of  the  same  order  and  sign  as  that  of  the  springs,  that  is 
to  say,  the  magnetic  field  is  weaker  at  higher  temperatures. 

In  the  tables  it  is  noticeable  that  the  amjneters  have  a  much 
larger  temperature  coefficient  than  the  voltmeters.  This  is  due 
largely  to  the  millivoltmeters,  which  have  a  low  resistance,  a 
considerable  proportion  of  which  is  copper.  Consequently  they 
have  a  high  temperature  coefficient.  It  is  not  feasible  to  wind 
the  moving  coil  with  manganin  wire  as  the  resistance  would  be 
too  high  to  work  on  the  available  millivolt  drop  unless  the  design 
were  so  changed  that  more  wire  could  be  wound  upon  it.  While 
it  could  be  made  to  work  in  this  way,  the  moving  element 
would  be  too  heavy  for  good  performance.  The  temperature 
coefficient  could  also  be  greatly  reduced  by  using  larger  shunts, 
giving  a  higher  drop,  say  200  millivolts;  this  allows  the  use  of  man- 
ganin wire  in  series  with  the  copper  coil.     As  this  would  increase 
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the  cost  of  the  shunts  and  the  power  consumption,  there  is  no 
reason  for  varjdng  from  the  present  practice,  because  the  temper- 
ature errors  of  switchboard  ammeters  as  now  made  are  of  com- 
paratively Uttle  consequence. 

9.  RUGGEDNESS  OF  MOVING  SYSTEM 

Both  ammeters  and  voltmeters  were  tested  by  reversing  the 
current  when  standing  at  full  scale  deflection.  This  is  a  test 
that  such  instruments  should  withstand,  and  none  of  those  in 
this  test  showed  any  damage  from  this  treatment. 

TABLE  IV 
Moving  Elements 


Weight  In 
snuDs 

Van  into 

Ratio 

torau6  to 

weight 

Full  scale 
peiea 

Number 

taxnalii 

coUa 

Aniyeie 
tnms 

Voltmeters: 
A 

1.72 

Mm- 
fnunt* 

9.4 

5.5 

12.0 

69.5 

.83 

B 

3.02 

2.9 

1.0 

9.3 

53.5 

.50 

C 

1.64 

5.0 

3.0 

8.1 

58.5 

.47 

D 

2.82 

21.0 

7.4 

19.9 

103.0 

2.06 

E 

2.88 

8.8 

3.0 

12.1 

155.5 

1.88 

F 

3.48 

15.0 

4.3 

10.4 

195.5 

2.04 

G 

1.73 

2.9 

1.7 

8.9 

45.5 

•41 

H 

3.50 

8.6 

2.5 

10.6 

116.5 

1.24 

Millivoltmeters: 

a 

2.55 

6.2 

2.4 

37 

11.0* 

.40 

b 

4.66 

3.7 

0.8 

20 

24.5 

.49 

c 

2.17 

3.7 

1.7 

23 

12.4 

.29 

d 

3.26 

7.6 

2.3 

53 

13.3 

.71 

e 

3.71 

3.1 

0.8 

36 

22.5 

.81 

f 

4.36 

6.7 

1.5 

38 

26.5 

1.01 

g 

2.70 

2.1 

0.8 

13 

21.5 

.28 

h 

4.60 

8.7 

1.9 

31 

36.5 

1.13 

'  The  centimeter-gram  is  the  unit  of  torque  used  by  English  and  German 
*  The  effective  number  of  turns  is  given  where  several  sections  were 
parallel. 
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TEL  DETAILS  OF  CONSTRUCTION 
1.  THE  MOVING  SYSTEMS 

a.  Torque,  Weight,  Number  of  Turns. — Fig.  4,  shown  at  the 
end  of  this  article,  is  a  photograph  of  the  moving  elements  of 
the  eight  different  types  of  instrument,  and  Table  IV  gives  the 
numerical  constants  relating  to  them.  About  the  only  differences 
between  the  moving  element  of  a  voltmeter  and  that  of  a  milli- 
voltmeter  of  the  same  make  are  the  size  and  material  of  the  springs 
and  the  size  of  the  wire  with  which  the  moving  coil  is  woimd. 
The  bearing  which  the  ratio  of  torque  to  weight  has  upon  the 
performance  is  pointed  out  in  the  following  section.  The  other 
factors  given  in  Table  IV  are  of  interest,  as  they  show  the  require- 
ments for  the  necessary  torque. 

b.  Ratio  of  Torque  to  Weight. — ^Although  the  importance  of  the 
ratio  of  the  torque  to  the  weight  of  the  moving  element  has 
often  been  pointed  out,  the  full  significance  of  this  constant  is 
not  as  generally  appreciated  as  it  should  be,  and  unfortimately 
designers  of  instruments  sometimes  allow  other  considerations  to 
prevent  them  from  keeping  this  ratio  up  to  a  proper  value. 

The  friction  between  pivots  and  jewels  is  proportional  to  the 
weight  of  the  moving  part,  and  though  this  latter  is  small  the  area 
of  the  pivot  which  has  to  carry  the  weight  is  extremely  small,  so 
that  the  resulting  pressure  per  imit  area  becomes  very  large.  In 
the  analogous  case  of  the  bearing  in  a  watthour  meter  Haskins 
has  recently  stated  that  this  pressure  may  reach  200  tons  per 
square  inch."  An  angular  displacement  of  two  or  three  minutes 
of  arc  may  be  detected  in  the  movement  of  the  needle  of  an 
instrument,  and  hence  the  limiting  resisting  torque  due  to  the 
friction  of  the  pivots  must  be  less  than  the  very  slight  torque 
obtained  by  twisting  the  spring  through  this  very  small  angle,  or 
the  friction  will  be  evident  in  the  motion  of  the  needle.  When  it 
is  considered  that  this  condition  must  be  maintained  imder  service 
conditions  of  wear  and  vibration,  the  prime  importance  of  the 
ratio  of  torque  to  weight  becomes  evident. 

^°C.  D.  Haskins:  General  Electric  Review,  18,  No.  9,  Sept.,  1910. 
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The  weight,  full  scale  torque,  and  the  ratio  of  torque  to  weight 
are  given  in  Table  IV  both  for  the  voltmeters  and  the  ammeters. 

An  interesting  relation  between  damping  and  the  ratio  of  torque 
to  weight  is  brought  out  in  Table  V,  in  which  the  instruments  have 
been  given  relative  ratings  for  both  characteristics,  the  number  i 
indicating  the  best  and  the  number  8  indicating  poorest  perform- 
ance in  each  case.  Such  a  comparison  should,  theoretically,  be 
made  using  ratio  of  torque  to  moment  of  inertia  instead  of  the 
ratio  of  torque  to  weight,  but  since  the  coils  have  the  same  general 
shape  the  moment  of  inertia  may  be  taken  as  proportional  to  the 
weight. 

TABLE  V 


Voltmeter 

MllUvoltmeter 

A 

1 
2 

B 

8 
7 

C 

3 

4 

D 
2 

1 

E 

7 
4 

F 

4 
3 

G 

H 

a 

1 
1 

b 

6 
8 

c 

3 

4 

d 

2 
2 

e 

7 
6 

f 
4 
5 

g 
5 
7 

h 

Rating  according  to  damping 

Rating  according  to  ratio  of 

toraue  to  weight 

5 
6 

6 

5 

5 
3 

In  the  case  of  the  voltmeters,  the  ratings  do  not  differ  by  more 
than  one  except  in  the  case  of  voltmeter  E.  This  voltmeter  has 
a  weak  field,  and  the  torque  is  kept  up  by  using  a  large  number 
of  turns,  but  the  damping  is  poor,  owing  to  the  large  moment  of 
inertia  and  the  weak  field.  Consequently,  it  is  much  under- 
damped,  though  it  has  a  fairly  high  ratio  of  torque  to  weight. 

In  the  case  of  the  millivoltmeters,  g  and  h  show  the  most  differ- 
ence in  the  two  ratings.  They  have  about  the  same  field  strength 
and  the  damping  is  practically  the  same,  but  one  of  them  has 
secured  a  larger  ratio  of  torque  to  weight,  chiefly  by  using  a  larger 
millivolt  drop. 
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TABLE  VI 
The  Constants  of  the  Magnets 

[The  dimensions  are  pven  in  oentimeten  and  the  flux  dennties  in 

centimeter] 


gausses  per  square 


MUUvoltmeter 

1. 

CroM 
Mction 

Pele 

piece 

tuxface 

4> 

Total 
air  gap 

1. 

4> 

H 

Flux 

density  in 

air  gap 

Total 
flux 

B 

Flux 

density  in 

ateel 

a 

26.4 

4.38 

11.0 

0.260 

255 

1590 

17500 

4000 

b 

25.9 

3.94 

10.9 

.293 

246 

427 

4660 

1180 

c 

34.7 

3.02 

11.2 

.255 

505 

1450 

16200 

5400 

d 

22.4 

3.90 

9.1 

.173 

302 

2790 

25400 

6500 

e 

30.4  : 

2.93 

10.6 

.450 

244 

213 

2250 

770 

f 

23.7 

2.50 

11.0 

.287 

363 

875 

9630 

3800 

g 

27.7 

4.01 

8.8 

.310 

196 

551 

4850 

1210 

h 

24.7 

4.70 

13.7 

.320 

225 

740 

10100 

2200 

2.  THE  MAGNETS— DIMENSIONS,  AIR  GAP,  ETC. 

Fig.  5,  shown  at  the  end  of  this  article,  is  a  photograph  of 
the  magnetic  systems  of  the  instruments,  and  the  numerical  con- 
stants relating  to  them  are  collected  in  Table  VI.  Tables  IV  and 
VI  are  similar  in  form  to  those  of  Heinrich  and  Bercovitz  in  their 
article  on  "Die  Technischen  Messinstrumente "  in  the  Handbuch 
der  Elektrotechnik. 

The  quantity  K  appearing  in  Table  VI  is  the  ratio  of  two  ratios; 
that  is,  the  ratio  of  the  length  of  the  magnet  to  its  cross  section 
divided  by  the  ratio  of  the  length  of  the  air  gap  to  its  cross  sec- 
tion. Heinrich  and  Bercovitz  divide  this  ratio  K  by  loo  and  call 
that  the  safety  factor  against  demagnetization.  This  is  arbitrary, 
of  course,  but 't  is  evident  that  this  factor  should  be  large.  The 
values  given  were  taken  from  the  magnets  of  the  millivoltmeters, 
but  they  apply  also  to  the  voltmeters  except,  of  course,  that 
the  flux  densities  may  vary  in  diflferent  magnets. 

As  the  reliability  of  this  type  of  instrument  depends  largely 
upon  the  permanency  of  the  magnet,  it  is  important  that  a  good 
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magnetic  circuit  be  used.  To  concentrate  the  field  and  make  it 
as  imiform  as  possible,  soft  iron  pole  pieces  are  used  with  the 
magnet.  The  pole  pieces  used  by  one  maker  are  merely  shells 
instead  of  a  solid  mass  of  iron.  The  eflfect  of  this  is  essentially 
the  same  as  an  increase  in  the  air  gap,  which  is,  of  course,  imde- 
sirable,  as  it  makes  the  real  permanency  factor  lower  than  the 
value  found  by  the  formula.  Another  maker  uses  laminated  pole 
pieces.  Theoretically  this  should  give  better  imiformity  of  field, 
but  in  this  instance,  as  the  laminations  were  left  imfinished,  the 
lack  of  imiformity  would  probably  be  greater,  due  to  the  variations 
in  the  length  of  air  gap. 

3.  MISCELLAIVBOnS  DETAILS  OF  CONSTRUCTION 

A  few  details  of  design  and  construction  having  to  do  with 
convenience  in  use  and  reliability  of  operation  deserve  to  be 
mentioned. 

Legibility  of  a  switchboard  instrument  is  a  necessary  require- 
ment. Two  of  the  makers  have  used  large  figures  and  heavy 
lines,  making  the  instruments  readily  legible  at  a  distance  of  20 
or  30  feet.  The  small  figures  and  fine  lines  used  by  the  other 
makers  cause  their  scales  to  be  indistinct.  There  should  also  be 
a  decided  contrast  between  scale  and  case  for  ease  in  reading. 
Dull  white  cardboard  scales  used  with  cases  of  dull;.black  finish 
gives  the  best  results.  The  index  should  be  of  such  shape  and 
size  that  it  may  be  easily  seen  at  a  distance,  yet  having  a  sharp 
tip  which  can  be  used  for  close  settings  if  required.  The  set 
index  used  by  two  of  the  makers  on  their  voltmeters  is  advan- 
tageous in  keeping  a  constant  setting. 

Some  makers  persist  in  the  use  of  soft  rubber  tubing  for  cover- 
ing lead  wires  and  terminals.  The  sulphur  used  in  vulcanizing 
the  rubber  attacks  the  metal.  In  the  ciase  of  small  wires  this 
often  causes  a  break,  while  in  case  of  terminals  it  corrodes  the 
contact  surface.  In  a  millivoltmeter  the  corrosion  of  contact 
surfaces  is  liable  to  cause  the  instnmient  to  be  seriously  in  error. 

Accessibility  for  repair  is  an  important  point  that  should  be 
kept  in  mind  by  the  manufacturers.    Although  it  is  desirable 
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that  instruments  should  be  repau-ed  by  the  manufacturers,  in 
many  minor  defects  it  becomes  quite  necessary  for  an  instrument 
to  be  repaired  at  the  place  of  use,  and  for  this  reason  it  should  be 
readily  accessible. 

In  this  connection  voltmeter  H  and  ammeter  h  deserve  special 
mention,  in  that  the  makers  have  put  a  coat  of  white  enamel  on 
the  inside  of  the  cases.  This  not  only  gives  them  a  neat  and 
trim  appearance,  but  also  minimizes  the  liabiHty  of  trouble  from 
dirt,  fibers,  and  the  like,  by  allowing  such  foreign  substances  to 
be  readily  detected. 

The  word  ** volts"  or  ** amperes"  should  be  placed  on  a  con- 
spicuous part  of  the  instrument.  Its  omission  often  causes 
trouble  for  an  inexperienced  switchboard  attendant. 

It  is  to  be  seen  that  the  general  lines  of  design  are  very  similar 

in  all  the  instnunents,  the  manufacture  having  reached  the  stage 

^  where  even  the  general  dimensions  used  are  about  the  same. 

These  instruments  may  be  taken  as  typical  of  American  direct- 
current  practice,  and  although  no  foreign  makers  were  repre- 
sented in  the  series  of  tests,  this  statement  might  well  be  ex- 
tended to  include  Eiuropean  practice  also.  The  most  decided 
departure  from  type  is  in  the  use  of  the  single  air  gap  in  the 
case  of  the  instruments  of  one  maker. 

Evidently  further  improvements  in  direct-current  switchboard 
instruments  are  to  be  looked  for  mainly  in  the  refinement  of 
details  of  design  and  construction. 

We  are  indebted  to  Mr.  H.  B.  Brooks  and  Mr.  P.  G,  Agnew 
for  many  valuable  suggestions  in  connection  with  this  work  and 
to  Dr.  C.  W.  Burrows  and  Mr.  R.  L.  Sanford  for  some  experi- 
mental data. 

Washington,  March  i,  191 1. 
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L  INTRODUCTION 

In  a  theoretically  perfect  current  transformer  the  currents 

would  have  a  ratio  equal  to  the  inverse  ratio  of  turns,  and  the 

secondary  ctuxent  would  be  exactly  opposite  in  phase  to  the 

primary  current.    This  ideal  condition  is  shown  in  Fig.  i ,  where 

n  is  the  ratio  of  turns,  and  I,  and  /,  are  the  primary  and  sec- 
ondary ctuxents,  respectively. 

•2  ;  'r'^'j ^ 


Fig.  1. —  Vector  diagram  of  an  ideal  current  transformer. 

In  the  actual  transformer  neither  of  these  conditions  is  realized, 
since  an  appreciable  part  of  the  primary  current  is  required  to 
excite  the  core.  Hence,  the  ratio  of  the  primary  to  the  secondary 
current  is  greater  than  the  mverse  ratio  of  turns,  and  the  two 
currents  are  not  quite  in  phase  but  differ  by  a  small  angle.     (For 
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the  case  of  a  leading  current  in  the  secondary  circuit  the  ratio 
may  be  less  than  the  ratio  of  turns,  but  this  is  a  condition  which  is 
never  met  in  practice.)  A  fiuther  complication  is  introduced  by 
the  fact  that  the  flux  density,  and  therefore  the  core  loss  and 
magnetizing  cturent  are  functions  of  the  current,  so  that  in  gen- 
eral, both  ratio  and  phase  angle  are  different  for  different  values 
of  the  current  load.  Moreover,  the  impedance  of  the  instruments 
connected  with  the  secondary  determine,  in  part,  the  value  of  the 
flux,  so  that  the  whole  ratio-current  curve  may  be  changed  by  an 
increase  or  decrease  in  the  impedance  connected  with  the  sec- 
ondary. 

Another  possible  disturbing  factor  is  wave  distortion  in  the 
transformer,  but  it  will  be  shown  later  that  this  is  entirely  inap- 
preciable under  practical  conditions. 
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Fig.  2. — Typical  ratio  curves. 
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Fig.  2  shows  some  typical  forms  of  the  ratio-cmrent  curves  of 
current  transformers,  the  ordinates  being  the  ratios  (primary  to 
secondary)  expressed  in  per  cent  of  nominal  values.  Fig.  3 
shows  a  few  typical  phase  angle  curves,  the  ordinates  being  the 
angles  by  which  the  reversed  secondary  cturent  leads  the  primary. 
These  cm^es  as  well  as  those  for  the  ratios  are  plotted  from 
actually  determined  values.^ 

It  will  be  seen  that  both  the  ratio  and  the  phase  angle  ciuves 
tend  to  become  horizontal  straight  lines  near  full  load,  and  that 
they  rise  more  rapidly  toward  the  low  cturent  end  of  the  curve. 

^  For  a  considerable  number  of  such  curves,  giving  numerical  values,  connected 
load,  etc.,  see: 
This  Bulletin,  6,  p,  298,  1909,  Reprint  No.  130. 
L.  T.  Robinson:  Trans.  Am.  Inst.  E.  E.,  28,  p.  1005;  1909. 
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It  is  an  interesting  fact  that  both  types  of  curves  should  be  so 
very  similar  in  their  general  shape. 

Although  dtuing  a  considerable  experience  in  the  testing  of 
transformers  it  had  been  noticed  that  many  transformers  showed 
a  tendency  to  turn  down  instead  of  up  at  the  extreme  low  cturent 
end  of  the  ratio  curve,  these  cases  had  been  passed  over  with  the 
idea  that  they  were  probably  due  to  inaccuracies  of  measure- 
ment, since  the  difficulties  in  making  meastu-ements  of  high 
accuracy  at  currents  below  about  20  per  cent  of  full  load  are  very 
great.  However,  Fig.  4  shows  the  25  and  60  cycle  ratio  curves 
of  a  transformer  exhibiting  unusual  and  remarkable  character- 
istics.    It  will  be  seen  that  at  60  cycles  with  the  small  impedance 
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Fig.  3. — Typical  phase  angh  oaves, 

load  used,  the  ratio  increases  with  increasing  current  throughout 
the  entire  range  from  5  per  cent  of  rated  load  to  full  load.  At 
25  cycles  the  ratio  increases  with  increasing  current  from  the 
value  at  low  current  load  to  a  maximum  at  approximately  half 
load  and  then  gradually  decreases  to  full  load. 

In  the  60  cycle  curve  the  total  change  in  the  ratio  from  10 
per  cent  to  full  load  is  0.23  per  cent,  a  quantity  about  10  times 
as  great  as  the  sensibility  of  the  method  used,  if  averaged  over 
the  whole  range.  The  experimental  evidence  that  the  25  cycle 
curve  passed  through  a  maximum  was  equally  good.  The  direct 
determinations  are  indicated  by  circles  all  lying  on  the  curves 
in  Fig.  4.  The  points  indicated  by  crosses  are  computed  values 
which  will  be  discussed  later. 
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Since  these  measurements  were  made  Edgcumbe  has  described 
a  transformer  showing  a  maximum  in  its  ratio  curve,  but  other- 
wise such  an  anomalous  behavior  did  not  seem  to  have  been 
observed,  and  it  is  generally  considered  by  engineers  that  the 
ratio  always  decreases  with  increasing  cturent.     Edgcumbe  gave 
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Fig.  4. — Ratio  curves  of  Transformer  F, 

no  theoretical  explanation  of  the  anomaly.'  It  therefore  seemed 
important  to  determine  if  possible  whether  there  might  be  theo- 
retical errors  in  the  method  of  measurement  used,  or,  if  not, 
whether  some  hght  might  not  be  thrown  upon  the  nature  of  the 
iron  losses  at  such  low  flux  densities  as  are  used  in  current  trans- 
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formers,  and  upon  their  possible  effect  on  the  ratio  and  phase 
angle  of  the  instruments. 

Many  other  questions  in  regard  to  the  behavior  of  the  current 
transformer  are  involved,  such  as:  the  agreement  between  theory 
and  practice;  possible  distortion  introduced  by  the  transformer 
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itself;  the  bearing  of  this  upon  the  definitions  of  ratio  and  phase 
angle  involved  in  different  methods  of  measurement;  and  the 
effect  of  wave  form  upon  ratio.  These  were  necessarily  consid- 
ered in  connection  with  this  investigation,  as  well  as  with  other 
transformers. 

2.  METHODS  FOR  DETERMINING  RATIO  AND  PHASE  ANGLE 

The  most  accurate  methods  for  the  measurement  of  ratio  and 
phase  angle  are  null  methods  depending  upon  the  potentiometer 
principle.  The  electromotive  forces  at  the  terminals  of  two  non- 
inductive  shunts  placed  in  the  primary  and  secondary,  respec- 
tively, are  opposed;  and  the  resistance  of  the  secondary  shunt  is 


Fig.  6. — Vtdor  relations  in  method  of  measvaring  rath  and  phase  angk. 

adjusted  until  the  in-phase  component  of  the  resulting  electro- 
motive force  is  zero.  The  ctuxent  relations  are  shown  in  Fig.  6. 
where  I^  R^  and  /,  R^  are  the  electromotive  forces,  6  the  phase 
angle,  and  Q  the  quadrature  component  of  the  resultant  electro- 
motive force.    The  method  in  use  at  the  Biu-eau  of  Standards  is 
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Fig.  7. — Connections  for  measuring  ratio  and  phase  angle. 

to  place  the  series  coil  of  an  electrodynamometer  in  series  with  the 
primary  shimt,  and  use  the  moving  coil  as  a  detector  for  setting 
the  in-phase  component  of  the  resultant  at  zero.  The  complete 
arrangement  is  shown  in  Fig.  7.  The  switch  is  thrown  to  the 
right  and  J?,  adjusted  for  balance;  then  the  switch  is  thrown  to 
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the  left,  and  the  deflection  due  to  Q  is  read.  A  resistance  shunted 
by  a  condenser  is  placed  in  the  moving  coil  circuit  of  the  series 
dynamometer  so  as  to  make  the  effective  self-inductance  of  the 
circuit  zero.  This  avoids  a  small  correction  which  would  other- 
wise enter.*  From  the  values  of  R^,  /?,  and  Q  the  ratio  and  phase 
angle  may  be  readily  determined.  Unless  the  inductance  of  the 
shunts  is  negligible,  corrections  must  be  made  to  the  phase  angle. 
Since  the  method  was  described  a  special  adjustable  noninduc- 
tive  shunt  has  been  designed  for  use  in  the  secondary.  A  series 
of  bifilar  manganin  strips  T  (Fig.  8) ,  which  are  silver  soldered  to 
the  lugs  D  D,  are  adjusted  to  the  values  0.025,  0.035,  0.045,  etc., 
ohm.  The  lugs  D  D  have  horizontal  amalgamated  stufaces  which 
may  be  clamped  by  screws  to  corresponding  amalgamated  sur- 
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Fig.  8. — Adjustable  nonMuctofe  rwsistance. 

faces  on  the  copper  blocks  C  C.  Between  the  blocks  B  B  and  C  C 
are  two  strips  of  manganin  separated  by  thin  mica.  The  upper 
one  has  a  resistance  of  o.oi  ohm,  divided  into  steps  of  o.ooi  ohm, 
and  is  connected  to  the  numbered  studs.  The  lower  strip  has  a 
resistance  of  o.ooi  ohm,  divided  into  10  divisions,  so  that  by  esti- 
mating to  tenths  of  a  division  the  resistance  may  be  read  to 
0.0000 1  ohm.  Copper  strips  connect  the  blocks  B  B  to  the  cur- 
rent terminals  A  A.  The  potential  terminals  are  the  levers 
Lj  and  L^,  L^  making  contact  with  the  studs,  and  the  end  of  L, 
sliding  on  the  edge  of  the  thicker  manganin  strip,  which  is  raised 
half  a  millimeter  higher  than  the  one  to  which  the  studs  are  con- 
nected. The  capacity  is  10  amperes.  At  60  cycles  the  phase 
angle  is  less  than  one  minute. 

*  For  a  complete  description  of  this  method  together  with  a  derivation  of  the  equa- 
tions, see  Agnew  and  Fitch,  this  Bulletin,  6,  p.  292,  1909,  Reprint  130. 
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It  has  been  found  that  the  error  introduced  by  the  variation  in 
the  resistance  of  the  amalgamated  contacts  is  entirely  inappre- 
ciable for  the  accuracy  required,  which  may  be  taken  as  one  part 
in  ten  thousand. 

Orlich^  has  described  a  similar  method  in  which  a  sensitive 
electrometer  is  used  as  the  detector  instead  of  the  electrodjma- 
mometer. 

Robinson  •  has  developed  a  rotating  commutator  with  which  he 
uses  a  direct  current  galvanometer  as  a  detector  in  place  of  an 
electrometer  or  an  electrodynamometer.  This  commutator  is 
driven  by  a  synchronous  motor  and  rectifies  the  quadrature  com- 
ponent Q  so  that  it  may  be  measiwed  by  means  ©f  a  direct-current 
galvanometer  with  all  the  requisite  sensibility.  The  form  factor 
enters  into  the  reduction  of  the  results. 

This  rotating  commutator  method  has  been  further  developed 
by  Sharp  and  Crawford,*  who  have  also  used  a  mutual  inductance 
in  the  secondary  to  reduce  the  measurement  of  the  quadrature 
component  Q  to  a,  null  method.  They  have  also  suggested  a 
method  of  using  a  mutual  inductance  instead  of  the  shtmts  in 
primary  and  secondary  circuits. 

Laws '  has  introduced  a  modification  of  the  two-dynamometer 
arrangement  in  order  to  increase  the  sensibility  at  light  load, 
which  decreases  with  the  square  of  the  current.  He  substitutes 
for  the  series  dynamometer  one  carrying  a  constant  current  which 
is  kept  in  phase  with  the  primary  by  an  auxiliary  device.  This 
difiiculty  has  been  overcome  in  the  work  at  the  Bureau  of  Stand- 
ards by  the  use  of  double-range  instruments. 

The  point  has  been  raised  as  to  whether  the  two-dynamometer 
method  gives  the  correct  value  of  the  ratio  if  the  possibility  of 
the  introduction  of  distortion  by  the  transformer  be  taken  into 
accotmt.  For  example,  if  we  assume  that  the  primary  wave  is 
sinusoidal  and  that  the  transformer  introduces  10  per  cent  of 
the  third  harmonic,  then,  since  this  harmonic  component  of  the 
unbalanced  emf  Q  would  give  no  torque  in  the  dynamometer 
having  a  sinusoidal  current  in  its  field  coil,  the  ratio  of  the  effect- 
ive values  of  the  currents  would  differ  from  the  ratio  of  the  pri- 

*  Electrotechnlsche  ZS.,  80,  p.  468: 1909. 

*  Trans.  Amer.  Inst.  Elec.  Eng.,  28,  p.  1005;  1909. 

*  Proc.  Amer.  Inst.  Elec.  Eng.,  29|  p.  1207;  1910. 
^  Elec.  World,  66,  p.  333;  1910. 
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mary  and  secondary  resistances  by  one-half  the  sqtiare  of  o.i,  or 
0.5  per  cent.  A  similar  statement  would  apply  to  the  measured 
value  of  the  phase  angle. 

But  it  is  to  be  noticed  that  the  rotating  commutator  method 
gives  results  which  are  open  to  the  same  theoretical  objection, 
for  the  null  setting  gives  the  condition  of  equality  of  mean  values 
rather  than  the  equality  of  mean  effective  values.  Fortunately 
the  distortion  introduced  by  the  transformer  is  too  small  to  be 
of  any  practical  significance  whatever.  Yet  it  may  be  well  to 
point  out,  even  though  it  is  of  theoretical  interest  only,  that  the 
two-d)aiamometer  method  defines  the  proper  ratio  to  be  used  in 
wattmeter  measurements,  that  is  the  ratio  of  the  primary  to  the 
undistorted  part  of  the  secondary.  This  follows  from  the  principle 
that  a  harmonic  present  in  the  current  coil  of  a  wattmeter  but  not 
present  in  the  emf  wave  adds  nothing  to  the  torque.  This  would 
of  course  not  give  the  theoretically  correct  definition  for  an 
ammeter,  but  the  accuracy  required  in  alternating  current  meas- 
urements is  not  as  great  as  that  required  in  the  meastu-ement  of 
power.  Of  course  the  same  considerations  hold  for  the  electro- 
meter method  since  they  necessarily  define  the  quantities  in  pre- 
cisely the  same  way. 

The  phase  angle  does  not  suffer  the  same  ambiguity  in  defini- 
tion as  does  the  ratio  since  it  is  used  only  in  wattmeter  or  watt- 
hour  meter  measurements.  Here  the  dynamometer  and  the  elec- 
trometer methods  give  the  theoretically  correct  definitions,  not 
taking  account  of  any  harmonics  that  may  be  introduced  by  the 
transformer  itself.  While  the  rotating  commutator  method  does 
include  any  harmonics  introduced  by  the  transformer,  and  while 
the  percentage  error  thus  introduced  into  the  determination  of 
the  phase  angle  is  much  larger  than  in  the  case  of  the  ratio,  this 
error  is  still  too  small  to  be  of  practical  significance,  as  will  be 
shown  later. 

Another  objection  that  has  been  urged  against  the  rotating 
commutator  method  is  that  the  form  factor  of  the  current  wave 
used  should  theoretically  be  known,  but  here  again  the  good  wave 
forms  given  by  modem  alternators  and  the  specification  of  prac- 
tically a  sinusoidal  wave  required  in  acciuute  measurements  reduce 
the  errors  from  this  source  to  the  Umit  of  experimental  error,  and 
they  need  not  therefore  be  considered. 
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3.  CALCULATION  OF  RATIO  AlfD  PHASE  ANOLB 


Fig.  9  is  a  vector  diagram  of  the  current  transformer.     If  we  let 

*=flux, 

/j  =  primary  current, 

/, = secondary  current, 

Ei = secondary  electromotive  force, 

n= ratio  of  turns  of  secondary  to  turns  of  primary, 

9? »  phase  angle  of  secondary  circuit, 

0  ^  phase  angle  of  transformer, 

M  «  magnetizing  current, 

F — core  loss  component  of  exciting  current, 

R  «  ratio  of  currents, 
then  we  may  consider  that  the  flux  4>  induces  the  emf .    £,  in 
the  secondary  giving  rise  to  /,  in  the  secondary  and  requiring  a 
component  in  the  primary  opposite  in  phase  and  equal  to  n  /,  in 
magnitude. 


Fig.  9. — Vtcior  diagram  <4  cwrrmt  tran^rmer  on  inductwe  load 

But  in  order  to  maintain  the  flux  the  primary  also  has  to  fur- 
nish a  magnetizing  current  M  in  phase  with  the  flux,  and  a  core 
loss  current  F  opposite  in  phase  to  £,.  Hence,  the  total  primary 
current  is  made  up  of  n  /„  M,  and  F,  taken  in  proper  phase 
relations. 

Projecting  the  vectors  on  the  line  of  n  /,,  we  have 

I^cosd^n  I2  +  M  sin  <p+F  cos  <p  (i) 

Projecting  the  vectors  perpendicularly  to  the  line  of  n  /,  gives 

/,  sintf=M  cos  9>— F  sin  <p  (2) 
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Squaring  (i)  and  (2)  and  adding,  neglecting  the  terms  containing 
squares  or  products  of  F  and  M, 

I^  «n'  /,'  +  2  n  /,  (M  sin  9>  +F  cos  <p) 
/J?-j-*-rn>+ ~(M  sin  <p+F  cos  <p)V 

(.  M  sin  m+F  cos  <p\ 
I  H ^-—j I  approx. 

.  M  sin  a>+F  cos  a>  ,  v 

-  n  + ^ 2:  .  (3) 

To  determine  the  phase  angle  divide  (2)  by  (i) 

>,         M  cos  a>—F  sin  a> 

tan  6^ — T   ,  n^    ' .  c.  ^ — 

n  I2  +  M  sm  9>+F  cos  9 

But  as  the  exciting  current  is  small  in  comparison  to  n  /,,  we  may 
write,  for  the  purpose  of  computing  the  phase  angle  where  an 
accuracy  of  only  a  few  per  cent  is  required 

j_      A    M  cos  <p—F  sin  a>  ,  . 

*^^- irr, — -  (4> 

Formulas  practically  equivalent  to  (3)  and  (4)  have  been  devel- 
oped by  Ciutis,  Drysdale,  and  Barbagelata.  It  has  been  found 
that  the  errors  introduced  by  the  approximations  made  in  the 
derivation  may  safely  be  neglected,  tmless  the  measurements  are 
carried  to  extremely  low  flux  densities,  but  even  in  this  case  the 
uncertainties  introduced  by  the  magnetic  history  of  the  iron,  etc., 
introduce  tmcertainties  such  as  to  make  the  use  of  the  exact 
formula  not  worth  while. 

In  case  the  load  is  noninductive, 

sin  9>=o  and  cos  9>  =  i 

and  (3)  and  (4)  reduce  to  the  forms 

i?=n+f  (5) 

M 
tan  0-^—  (6) 

n  I2 
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and  the  vector  diagram  takes  the  simple  form  shown  in  Fig.  lo 
from  which  it  is  seen  that  the  magnetizing  current  M  will  deter- 
mine the  phase  angle,  but  has  very  little  effect  upon  the  ratio, 


1^.  10. — Victor  cUagmm  of  current  tnmsformir  on  noninductbfe  toad. 

while  the  core  loss  will  determine  the  ratio,  havijjg  practically  no 
effect  upon  the  phase  angle. 

The  magnetizing  and  core  loss  components  of  the  exciting  cur- 
rent were  measured  directly  by  a  method  similar  to  that  described 
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Fig.  11. — Qmnectkms  for  dirwct  measurwwunt  of  the  magngtUing  and  core  toss  components 

cf  the  exciting  current. 

by  Sharp  and  Crawford »  and  shown  in  Fig.  1 1 .  The  secondary 
was  adjusted  by  means  of  a  sensitive  reflecting  voltmeter  which 
could  be  calibrated  on  direct  current  by  throwing  the  switch  S^. 


"Proc.  Amer.  Inst.  Elec.  Eng.,  29,  p.  1207;  1910. 
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The  primary  exciting  current  passed  through  a  shunt  R,  the  exnf 
at  the  terminals  of  which  could  be  appUed  to  the  moving  coil  of  a 
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Fig.  12. — Components  qfexcHbtg  current  at  25  cycles.    Trvansformer  F, 

dynamometer  by  closing  S,  to  the  left,  and  5a  up.    The  field  of 
this  dynamometer  was  excited  from  a  phase  shifting  transformer. 
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The  procedure  was  to  throw  5,  to  the  right,  thus  applying  the 
primary  voltage  to  the  moving  coil,  and  then  to  adjust  the  phase 
transformer  until  the  dynamometer  showed  no  deflection,  which 
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Fig.  13. — Components  of  exciting  current  at  60  cycks^    Transformer  F, 

indicated  that  its  field  was  in  quadrature  with  the  primary  volt- 
age of  the  transformer,  and  therefore  in  phase  with  the  magnetiz- 
ing ciUTent.    5a  was  then  thrown  left  and  the  magnetizing  current 
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read.  The  phase  transformer  was  then  turned  through  90®  and 
the  djmamometer  again  read,  giving  the  core  loss  component. 
The  dynamometer  could  be  calibrated  on  alternating  current  by 
applying  the  voltage  of  a  shtmt  r  to  the  moving  coil  of  the 
dynamometer. 

Tlie  core  loss  current,  the  magnetizing  current  and  the  total 
excitmg  current  at  25  cycles  for  transformer  F  are  shown  in  Fig. 
12,  and  the  same  quantities  for  a  frequency  of  60  cycles  in  Fig.  13. 

The  ratio  and  phase  angle  were  computed  from  this  data  and 
the  results  are  indicated  by  the  crosses  in  Figs.  4  and  5.  The 
core  losses  at  b6th  25  and  60  cycles  are  plotted  in  Fig.  14.  The 
foUowing  are  the  constants  of  the  transformer, 

CONSTAliTS  OF  TKAlfSFORMXR  F 

Number  primary  tmns  25. 

Number  secondary  turns  196. 

Rated  cturents  40  and  5  amperes. 

Secondary  resistance  0.51  ohm. 

Resistance  of  connected  load  o.  1 7  ohm. 

Inductance  of  connected  load  0.08  mh. 

Maximum  flux  at  60  cycles,  290. 

Maximum  flux  at  25  cycles,  700. 

It  will  be  seen  that  the  agreement  between  measured  and  com- 
puted values  is  very  good,  especially  in  the  case  of  the  60-cycle 
curve  where  the  conditions  are  more  favorable.  The  greatest 
discrepancy  in  the  range  from  tenth  to  full  load  is  but  one  part  in 
three  thousand.  Of  course,  the  possibility  of  the  same  error 
entering  into  both  measurements  is  to  be  considered,  as  for 
example,  errors  due  to  wave  distortion. 

A  check  measurement  of  the  ratio  by  an  entirely  different 
method  was  made,  using  the  Northrup  hot  wire  comparator.* 
The  makers  of  the  instrument  have  devised  a  method  for  deter- 
mining the  ratio  of  cturent  transformers,  making  use  of  a  single 
potentiometer  and  a  deflection  instrument,  for  holding  a  direct 
current  through  one  wire  constant  while  the  other  wire  was  thrown 
from  direct  to  alternating  ctirrent.  But  as  it  was  desired  to  get 
more  sensitive  readings  than  could  be  obtained  by  this  method, 


^  Trans.  Amer.  Inst.  Elec.  Eng.,  24,  741;  1905. 
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an  entirely  different  arrangement  was  adopted.  The  comparator 
was  used  as  a  transfer  instrument  by  which  the  ratio  of  the  two 
alternating  currents  was  referred  to  the  ratio  of  the  readings  of  two 
potentiometers  on  direct  current.  The  two  hot  wires  of  the  instru- 
ment, which  are  indicated  by  the  broken  lines  in  Fig.  15,  carry 
a  concave  mirror  for  observation  with  eyepiece  and  scale  so  that 
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any  difference  in  the  expansion  of  the  two  wires  gives  a  deflec- 
tion of  the  scale.  These  were  connected  in  parallel  with  two 
shunts  R  and  r  which  could  be  introduced  either  in  the  primary 
and  secondary,  respectively,  or  in  two  separate  battery  circuits 
adjusted  to  give  the  same  current.  The  switches  were  arranged 
so  that  the  comparator  wires  could  be  quickly  and  simultaneously 
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thrown  from  alternating  to  direct  current  or  vice  versa.  The 
direct  currents  were  then  adjusted  so  that  the  comparator  showed 
no  change  when  the  switches  were  thrown  in  either  direction. 
The  direct  currents  must  then  be  in  the  same  ratio  as  the  alter- 
nating currents ;  and  they  could  be  measured  by  the  two  poten- 
tiometers connected  to  the  resistances  Rj  and  R,.  Two  am- 
meters A^  and  A^  were  included  in  the  circuits  to  make  it  possi- 
ble to  hold  the  direct  current  at  the  same  value  as  the  alternating, 


TRANS. 


Q> 


IMM 


ha.c^ 


ou,C, 


m 


m — fwvp-©J 


POTENT. 


RHEO.X 


POTENT. 


Fig.  15. — Arrangement  for  ratio  determination  by  means  of  the  Northrup  hot  wire  comparator^ 

in  order  that  the  hot  wires  should  be  at  the  same  temperature  in 
both  cases;  but  it  is  to  be  noted  that  the  final  ratio  obtained  does 
not  depend  upon  the  ammeter  readings  but  upon  those  of  the 
potentiometers.  A  further  precaution  was  taken  in  adjusting  a 
low  resistance  in  the  lead  to  one  of  the  hot  wires  so  that  the  two 
wires  would  expand  and  contract  together  when  the  current  was 
thrown  on  or  off. 

The  average  of  lo  measurements  gave  the  same  ratio  to  the  last 
figure  (one  part  in  eight  thousand) ,  at  the  full  load  current  as  was 
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found  by  the  two-dynamometer  null  method.  (See  Fig.  6.) 
Unfortimately  this  comparator  method  did  not  give  great  enough 
a  sensibility  to  allow  an  adequate  check  of  the  values  for  the  ratio 
at  the  lower  current  values.  It  is  very  difficult  to  see  how  the 
same  error  could  enter  into  two  such  radically  different  methods 
of  measurement,  and  as  it  will  be  shown  that  the  distortion  is 
negligible,  it  must  be  concluded  that  the  fonas  of  ratio  curves 
found  for  transformer  F  are  correct. 

But  so  close  an  agreement  between  observed  and  computed 
values  indicates  that  there  must  be  some  simple  theoretical 
connection  between  the  nature  of  the  iron  losses  and  the  slope 
of  the  ratio  curve. 

4.  CONDmONS  FOR  UNBAR  RATIO  AND  PHASE  ANOLB  CURVBS 

Such  a  relation  may  easily  be  shown  to  ^st  if  we  assume  that 
the  total  iron  losses  may  be  expressed  in  the  Steinmetz  form 

W^KB^  (7) 

where 

iy«  total  iron  loss  in  watts 
B  *«  maximuHi  flux  density 
c,  /C —constants  for  a  given  transformer  at  a  given  frequency. 

If  c  be  assumed  to  be  rigorously  constant,  it  can  be  shown  that  the 

ratio  will  increase  with  increasing  secondary  current  when  c  is 

greater  than  2,  and  it  will  decrease  with  increasing  current  when 

c  is  less  than  2,  provided  the  secondary  circuit  is  noninductive. 

For  by  (5)  the  ratio 

F 
R'-n+Y 

-*• 

where  F  is  the  core  loss  component  of  the  exciting  current  and  the 

F 
term  y  represents  the  departure  from  the  ratio  of  turns.     Both 

the  current  and  the  voltage  may  be  taken  as  proportional  to  the 
maximum  flux.  If  £,  is  the  secondary  voltage  then  since  F  is 
measured  in  the  primary  and  £,  in  the  secondary  we  have 

83226^—11 — 9 
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and 

/,-S  X  Const.  =5iiCi 

•  ^_  nW  nW 

nW 

Hence  from  (7)  and  (8) 

F_  nKB'  _^ 


(8) 


..R^n+K^"-*  (9) 

But  again,  since  /,  is  proportional  to  B, 

^=i<:,(c-2)B«-  (10) 

This  will  be  positive  if  c  is  greater  than  2,  and  negative  if  it  is 
less  than  2.  Hence »  if  the  exponent  c  for  the  total  iron  losses  is 
equal  to  2,  the  ratio  curve  becomes  a  horizontal  straight  line. 
If  we  assume  the  eddy-current  loss  to  vary  as  5',  then  the  same 
conclusions  will  apply  to  the  hysteretic  exponent  alone.  Formula 
(9)  could  readily  be  put  in  a  form  for  quantitative  determination 
of  the  ratio  from  the  core  loss  by  taking  the  actual  value  of  K4, 
but  this  is  not  necessary  for  our  present  purpose. 

Some  interesting  relations  connecting  the  shape  of  the  ratio 
curve  with  the  exponent,  if  the  latter  be  treated  as  a  constant, 
may  be  brought  out  by  a  development  of  equation  (10).  Since 
the  flux  may  be  taken  as  proportional  to  the  current  this  may  be 
written 

To  get  the  curvature  we  should,  strictly,  diflferentiate  this  with 
respect  to  the  length  of  the  curve,  but  since  the  curve  is  nearly 
horizontal  we  may,  for  approximate  values,  differentiate  in  respect 
to  /,  instead. 
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So  that  we  have 


Ratio 
Slope 
Curvature 


K  (c-2)  /,«■» 

K  (c-2)  (c-^3)  /,*-* 


From  the  last  of  these  equations  it  may  be  seen  that  the  ratio 
curve  will  be  a  straight  line  (zero  curvature)  only  when 

c  =  2  or  c«=3. 

The  matter  is  summarized  in  the  following  table; 


Slope 

MalOoCam 

c<2 

— 

+ 

Slopes  down;  concave  up 

c=2 

0 

0 

Horizontal  stnd^t  line 

2<c<3 

+ 

— 

Slopes  up;  concave  down 

c=3 

+ 

0 

Straight  line,  sloping  up 

c>3 

+ 

4- 

Slopes  up;  concave  up 

The  first  case  is  the  usual  one,  well  illustrated  by  the  typical 
curves  of  Fig.  2.  While  the  straight  line  of  the  second  case  has 
never  been  completely  realized,  it  is  approached  very  nearly  in  some 
high-grade  transformers  with  low  impedance  load,  (compare  the 
lower  curve  of  Fig.  2) .  The  third  case  of  an  upward  sloping  curve, 
concave  downward  is  illustrated  by  the  60-cycle  ciu^e  for  trans- 
former F,  (Fig.  4) .  Neither  of  the  last  two  cases  have  ever  been 
observed. 

The  simple  theory  as  here  outlined  for  a  constant  exponent  is 
tmable  to  account  for  a  case  in  which  the  ratio  passes  through  a 
maximum,  as  is  the  case  with  the  25-cycle  curve  for  transformer 
F,  (Fig.  4).  The  slope  of  this  curve  will  be  computed  from  the 
results  of  a  more  general  treatment  which  will  be  given  later. 

It  is  seen  from  the  factor  /,*^"*,  which  enters  the  expression  for 
the  curvature,  that  the  curvature  will  in  general  decrease  with 
increasing  current.  The  t)rpical  ratio  curve  (see  Fig.  2)  slopes 
down,  is  concave  up,  and  the  curvature  decreases  with  increasing 
current,  all  of  which  are  predicted  by  theory  for  the  case  of  an 
exponent  less  than  2. 

While  the  case  of  an  assumed  constant  exponent  thus  agrees 
qualitatively  with  the  experimental  facts,  it  is  quantitatively  insuf- 
ficient for  precise  measurements.     Moreo\ier,  a  more  serious  diffi- 
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ctilty  lies  in  the  determination  of  the  exponent  when  the  latter  is 
not  a  constant,  and  the  variation  is  greater  at  the  low  flux  densi- 
ties used  in  the  current  transformer. 

From  the  expressions  for  ratio  and  phase  angle 

i?  =-n -f -^ ^  (3)  bis 

.       a    Mcos®— Fsin®  /  \  u« 

tan  5  = ^ 2:  (4)  bis 

it  may  be  seen  that  if  the  permeability  were  constaqjt  and  the  iron 
loss  exponent  were  exactly  2,  then  both  the  ratio  and  the  phase 
angle  curves  would  be  horizontal  straight  lines.  But  this  result 
would  be  expected  since  the  transformer  would  then  be  equiva- 
lent to  a  circuit  without  iron,  which  should  of  course,  give  a  con- 
stant ratio  and  phase  angle. 

5.  EXPOHENTS  and  the  ratio  of  VARIATIOir  IN  IRON  liOSSBS 

It  has  been  assumed  in  wlaat  has  gone  before  that  t^e  exponent 
c  18  a  true  constant;  otherwise,  ia  differentiating  (9)  another  term 
containing  the  derivative  of  c  with  respect  to  B  wonld  enter.  It 
has  long  been  known  that  an  equation  of  the  form 

W^KB' 

will  not  accuxately  represent  either  the  hysteresis  lom  or  tke  total 
iron  losses,  and  so  it  has  become  customary  to  speak  of  the  expo- 
nent as  varying  slightly  so  as  to  force  the  equation  to  fit  tiie 
experimental  values.  Numerous  determinations  have  been  pub- 
lished to  show  that  the  value  of  the  exponent  originally  given  by 
Steinmetz  of  i  .6  is  only  a  sufficiently  good  mean  for  use  over  the 
limited  range  of  inductions  used  in  the  design  of  power  trans- 
formers, and  that  not  only  different  kinds  of  iron  give  different 
values,  but  that  for  the  same  sample  of  iron  the  e^qxment  varies 
with  the  induction. 

Unfortunately,  however,  the  methods  that  have  been  univer- 
sally used  to  determine  the  exponent  have  depended  upon  the 
implicit  assumption  that  the  exponent  is  a  true  constant,  and  hence 
the  values  obtained  are  not  actually  exponents,  but  are,  in  most 
cases,  the  logarithmic  derivative  of  W  with  respect  to  B,  and  this 
becomes  the  exponent  only  in  the  case  where  it  is  a  constant.     In 


A0M».)  Current  Transformer  443 

order  to  make  the  matter  clear  it  will  be  well  to  consider  first  the 
methods  that  have  been  used  to  obtain  the  exponent  from  the 
experimental  values. 

The  method  most  generally  used  at  present  is  to  plot  W  against  B 
on  logarithmic  paper  and  measure  the  slope  of  the  resulting  curve  at 
various  values  of  B,  Still  considering  c  a  constant,  if  we  differen- 
tiate the  equation  W^KB^,  first  taking  logarithms  of  both  sides, 

log  W  =  logK+clogB 
d{logW)^cd{\ogB) 
dJ}ogW) 
""    dilogB)  ^"^ 

which  shows  that  c  is  the  slope  of  the  logarithmic  curve.     An 

equally  accurate  but  less  convenient  method  may  be  used  with 

ordinary  cross  section  paper.     Equation  (11)  may  be  written  in 

the  form 

dW 

W      B    dW  ,    . 

(12) 


dB     W     dB 
B 

from  which  the  value  of  c  at  any  point  of  the  curve  is  seen  to 

depend  upon  the  values  oiW^B,  and  the  slope  of  the  curve  at  the 

point.     These  three  quantities  must  be  expressed  in  consistent 

dW 
units,  as  the  slope  -7^-  is  no  longer  a  simple  geometrical  ratio  as  in 

W 
equation  (11),  but  has  the  dimensions  of  ~^.    Another  method 

which  is  often  used  is  to  solve  for  c  from  the  values  at  two  points 
of  the  curve.     Thus  if 

W^^KB 
and  W^^KB 

1      ^^ 
then  c -        ^'- _\ogW,^\og  W, 

Common  logarithms  may  be  used  in  either  (i  i)  or  (14). 

None  of  these  methods  is  correct  if  we  are  dealing  with  a  variable 
exponent  for  then  in  differentiating  to  get  (11)  and  (12)  we  should 


;:)  (.3) 


444  Bulletin  of  the  Bureau  of  Standards  [Voi.7,No.s 

have  had  to  take  accotint  of  the  variation  of  c  with  respect  to  B, 
and  evidently  (14)  could  not  have  been  deduced  at  all  since  we 
should  have  had  diflferent  values  of  c  in  (13).  This  will  appear 
more  clearly  in  an  examination  of  the  general  case  in  which 

W^KB'  (15) 

where  the  exponent  z  is  now  a  variable.  It  may  first  be  said  that 
suggestions  have  been  made  that  K  should  be  considered  to  vary 
so  as  to  fit  the  observations  to  some  sort  of  a  curve,  and  some 
writers  have  even  treated  both  the  coefficient  and  the  exponent  as 
variables,  which  is  manifestly  absurd.  To  consider  that  we  have 
an  exponent  which  varies  slightly  about  a  mean  introduces  com- 
plications, as  will  be  shown,  which  greatly  limits  its  usefulness, 
while  any  attempt  to  treat  such  a  formula  containing  a  variable 
coeflBcient  can  accomplish  nothing  since  in  its  very  simplest  form 
the  exponent  would  reduce  to  imity  which  merely  brings  us  back 
to  the  measured  values  of  B  and  W. 

To  determine,  then,  the  relations  which  follow  by  treating  the 
coefficient  as  constant  and  the  exponent  as  a  variable,  write  (15) 
in  the  logarithmic  form, 


Differentiating, 


log  W  =  logK+zlogB 

—  ^logBdz  +  2-^ 
dW 

^=.4-51ogBg  (16) 

B 

The  left-hand  member  of  this  equation  is  the  logarithmic  deriva- 
tive of  W  with  regard  to  fi,  or  the  slope  of  the  curve  obtained 
by  plotting  W  against  B  on  logarithmic  coordinate  paper.  If  z 
is  a  constant  the  last  term  becomes  zero,  the  curve  becomes  a 
straight  line,  and  the  slope  of  the  logarithmic  curve  is  the  ex- 
ponent. But  if  z  is  not  zero  the  value  of  the  exponent  from 
equation  (16)  is 

dW 

B 
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This  shows  that  the  logarithmic  derivative  is  not  the  same  as 
the  exponent,  as  is  tacitly  assumed  in  the  methods  in  common 
use  in  the  determination  of  the  exponent  where  the  latter  varies. 
The  last  term  in  (17)  is  entirely  neglected  in  the  methods  which 
make  use  of  either  logarithmic  or  ordinary  coordinate  paper,  as 
what  is  measured  in  these  cases  is  merely  the  logarithmic  deriva- 
tive. Similarly  the  method  of  solving  for  the  exponent  by  using 
values  at  two  points  of  the  curve  will  not  give  even  the  average 
value  of  the  exponent  over  the  range  taken,  as  it  is  generally 
believed  to  do,  for  by  equation  (14)  the  quantity  thus  given  is 

1      ^1 


1      ^i' 
log-^ 


Now,  if  we  take  B,  very  near  5,  we  may  replace  Wi,  W^,  fi„  B,, 
by  W  +  dW,W,B  +  SB,  and  B. 

,      Wi    ,      W  +  3W 


,       5i    ,      B  +  dB 
log^    log— g- 

°log(r.f) 

(dW\  dW 

I  +"Trr  I  by  -vft,  which  is  the  first  term 

in  its  expansion,  and  similarly  for  B.    This  gives 

W 


dB 
B 


which  is  the  logarithmic  derivative.  Hence,  this  method  gives 
a  result  which  approaches  that  given  by  the  other  methods, 
namely,  the  slope  of  the  logarithmic  curve  instead  of  the  ex- 
ponent. 


t 
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The  slope  of  the  logarithmic  curve  is,  however,  of  much  more 
practical  importance  than  the  true  exponent,  for  the  greatest  use 
of  such  empirical  relations  is  as  interpolation  formulas.  And 
the  logarithmic  derivative  is  an  exceedingly  convenient  form 
for  interpolation,  since  for  small  variations  it  is  the  ratio  of  the 
percentage  change  in  the  dependent  variable  to  the  percentage 
change  in  the  independent  variable.  The  same  confusion  of  it  with 
a  true  exponent  has  developed  in  many  similar  experimental  rela- 
tions, such  as,  for  example,  the  variation  of  the  candlepower  of 
lamps  with  voltage  or  with  current  or  with  the  power  supplied, 
and  the  variation  of  the  resistance  of  fluids  to  objects  moving 
through  them.  Such  a  confusion  of  terms  is  very  unfortimate 
since  it  may  lead  to  wrong  conceptions.  For  example,  in  the 
case  of  incandescent  lamps  some  of  these  logarithmic  derivatives 
have  numerical  values  very  near  the  exponents  in  some  of  the 
theoretical  radiation  formulas,  and  -it  is  misleading  to  express  the 
relationship  in  exponents  or  powers  of  the  dependent  variable 
when  the  approximate  agreement  in  niunerical  values  may  be 
entirely  accidental. 

It  seems,  therefore,  advisable  to  have  some  simple  expression 
which  will  of  itself  convey  the  meaning  and  be  free  from  the 
objections  that  have  prevented  the  cotnmon  use  of  the  term 
"logarithmic  derivative",  and  I  shall  hereafter  refer  to  this 
quantity  as  the  "ratio  of  variation".  For  the  suggestion  of  this 
term  I  am  indebted  to  Mr.  C.  E.  van  Orstrand. 

In  order  to  bring  out  graphically  the  dijfferences  that  may 
exist  between  the  exponent  and  the  ratio  of  variation  in  geo- 
metrical curves  of  the  general  parabolic  form  and  whose  exponents 
are  of  the  order  of  magnitude  of  those  met  with  in  iron  losses, 
in  Fig.  16  the  curve  y=x'+5  together  with  the  exponent  and 
the  ratio  of  variation  have  been  plotted.  This  curve  was  chosen 
as  the  values  of  the  exponent  and  the  ratio  of  variation  are  around 
2  and  both  decrease  with  increasing  values  of  %,  for  it  is  to  be 
remembered  that  by  equation  (10)  the  ratio  curve  of  the  current 
transformer  has  its  slope  determined  by  the  exponent  of  the 
total  iron  losses,  provided  that  exponent  is  constant.  It  will  be 
shown  later  that  the  same  statement  will  hold  when  the  exponent 
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is  not  constant  if  we  use  the  ratio  of  variation  instead  of  the 
exponent.  In  Fig.  17  the  curve  y^x  ^'*'°-^'  together  with 
the  exponent  and  the  ratio  of  variation  are  plotted.  It  will 
be  seen  that  when  the  exponent  is  2  the  ratio  of  variation  is 
4.3.  It  happens  that  the  curve  for  the  ratio  of  variation  for 
this  purely  mathematical  curve  is  very  much  like  one  recently 
published  for  the  hysteretic  exponent  for  silicon  steel  at  high 
inductions  in  which  values  as  high  as  3.6  were  given/®  but  as  the 
method  used  in  determining  the  ''exponent"  was  to  take  the 
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Fig.  16. — Showing  the  d^ertnce  between  the  exponent  and  the  ratio  ofvariathn  in  the 

curve  y=x^-^\ 

slope  of  the  loss  curve  plotted  on  logarithmic  coordinate  paper, 
evidently  the  quantity  actually  determined  was  the  one  here 
designated  as  the  ratio  of  variation.  Very  probably  the  exponent 
as  determined  by  methods  to  be  explained  presently  would  not 
have  been  greater  than  2.  The  data  given  were  insufficient  to 
determine  this  point. 

Since  the  last  term  in  equation  (16)  is  positive  it  follows  that  the 
ratio  of  variation  will  be  greater  than  the  exponent  when  the  latter 
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Js  increasing,  and  less  when  the  exponent  is  decreasing.  Conse- 
quently the  exponent  curve  lies  above  in  Fig.  i6  and  below  in 
Fig.  17. 

If  in  the  case  of  a  curve  whose  exponent  is  changing  slowly  we 
choose  two  points  of  reference  and  solve  for  the  exponent  as  if  it 
were  constant,  one  might  expect  to  get  a  value  somewhere  near  the 
mean  of  the  actual  values  at  the  given  points,  but  such  is  not  the 


100 


Fig.  17. — Showing  the  difference  between  the  exponent  and  the  rath  of  variation  in  ^ 

curue  3^=5x1+0-1* 

case.  It  may  be  either  greater  or  less  than  the  actual  value  at 
either  limit,  according  to  circumstances.  A  more  surprising  result 
of  the  variation  of  the  exponent  is  the  effect  that  such  a  method 
has  in  making  large  changes  in  the  coeflRcient.  For  example,  if 
we  consider  the  curve  of  Fig.  17  as  an  experimental  curve  and 
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attempt  to  determine  the  coeflBcient  and  exponent  by  this  method, 
which  is  the  one  that  has  been  most  frequently  used  in  discussing 
changes  in  the  Steinmetz  exponent,  we  get  the  following  results. 
The  computed  exponents  are  nearly  identical  with  the  ratio  of 
variation: 


x=6  to  a:=8 
x=8  to  x=10 

y=0.07S  a:»o» 
y=0.0137  x^-^ 

The  matter  is  not,  however,  so  serious  as  these  results  indicate 
at  first  sight,  for  while  the  exponents  have  increased  the  coeflRcient 
has  changed  from  imity  to  the  small  fractions,  and  either  of  the 
computed  curves  will  give  fair  approximations  throughout  the 
small  range  for  which  it  is  computed.  Yet  it  does  emphasize  the 
desirability  of  abandoning  the  use  of  the  word  "exponent"  as 
applied  to  the  results  of  such  processes. 

There  are  special  cases  in  which  the  exponent  may  be  determined 
with  a  fair  degree  of  accuracy.  If  the  ratio  of  variation  is  found 
to  be  constant  over  a  range  large  enough  to  make  sure  of  its  con- 
stancy, it  is  in  this  region  also  the  true  exponent,  and  the  coeflBcient 
may  be  calculated;  and  its  value  may  be  used  in  calculating  the 
exponent  at  any  other  point  of  the  curve.  Also  if  the  ratio  of 
variation  passes  through  either  a  maximtmi  or  a  minimtmi  its  value 
at  this  point  is  the  exponent,  for  a  maximtmi  or  minimum  in  the 
ratio  of  variation  means  a  point  of  inflection  on  the  logarithmic 
curve,  the  condition  for  which  is 

(P  (log  y)     _ 
dilogxy'''' 


d  (log  y) 
d  (log  x) 


K—C 


d  (log  y) 
logy 


y  = 


cd  (log  x) 
c\ogx  +  log  K 
XogKxP 
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Now  if  we  consider  the  extx)nent  at  the  point  (xo  y©)  to  be  deter- 
mined, then 

y       Kj^ 


From  which 


2=-= 


yo    K%^ 
log  y +Zo  log  Bo  -  log  y< 


and 


/i: 


logB 


(1 8) 


(19) 


By  this  method  the  exponent  has  been  computed  for  the  25-cycle 
core  loss  curve  of  transformer  F  (Fig.  18).    The  exponent  is  very 
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Fig.  18. — Exponent  and  the  rath  of  variation  for  transformer  F. 

much  more  nearly  constant  than  the  ratio  of  variation.  In  order 
to  get  an  idea  of  the  change  of  the  exponent  and  of  the  ratio  of 
variation  over  a  wide  range  of  flux  densities  the  core  loss  data, 
determined  by  Mr.  C.  J.  Huber  on  2  special  transformers,  are 
platted  on  logarithmic  paper  in  Fig.  19.  The  cores  were  of  ring 
stampings  of  ordinary  transformer  steel,  and  the  determinations 
were  made  by  the  wattmeter  method  at  both  30  and  60  cycles. 
The  core  was  first  carefully  demagnetized  and  the  meastu"ements 
made  in  the  order  of  increasing  flux. 

The  core  of  transformer  S^  was  ordinary  transformer  steel,  while 
that  of  5,  was  a  silicon  steel.  The  observed  values  of  the  total 
iron  losses  are  given  in  Table  I.  The  ratio  of  variation  of  the  core 
loss  of  these  transformers  at  30  and  at  60  cycles  is  plotted  in 
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Figs.  20,  21 ,  22,  and  23.     Taking  the  ratio  of  variation  as  constant 
at  4000  lines,  the  esqxxients  have  been  calculated  by  lormtila  (18) 
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and  the  results  plotted  in  the  same  figures.     It  is  evident  from  the 
curves  at  high  flux  densities  the  ratio  of  variation  reaches  very 
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high  values  for  both  the  silicon  and  the  ordinary  steel,  while  the 
change  in  the  exponent  above  2000  lines  is  extremely  slight.    The 
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60  cycles. 

exponent  is  more  nearly  constant  than  the  ratio  of  variation,  and 
after  assuming  a  value  at  some  given  point  may  be  determined 
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mth  a  much  greater  relative  accuracy.    To  bring  this  last  fact 
out  more  clearly  the  computed  values  are  given  in  Table  II. 
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Total  iron  losses  (Watts  per  Kg) 


Fha 

TnaMkaniK  Si,  ofdlnaiy  itoel 

TraaitoniMr  Sg,  lUkoii  iImI 

• 

90^ 

60~ 

90^ 

60~ 

30 

0.000060 

0.000040 

40 

.000145 

.000050 

50 

.000235 

.000092 

60 

0.000158 

.000353 

0.00006 

.000135 

80 

.000294 

.000632 

.00011 

.000256 

100 

.000458 

.000971 

.00018 

.000390 

120 

.000666 

.00139 

.00027 

.000570 

160 

.00116 

.00242 

.00052 

.00103 

200 

.00179 

.00375 

.00079 

.00167 

250 

.00272 

.00585 

.00126 

.00270 

300 

.00385 

.00607 

.00185 

.00385 

400 

.00653 

.0140 

.00330 

.00694 

500 

.00985 

.0214 

.00518 

.0109 

600 

.0140 

.0298 

.00762 

.0154 

800 

.0233 

.0505 

.0131 

.0271 

1000 

.0344 

.0751 

.0199         .0418 

1200 

.0468 

.104 

.0282 

.0590 

1600 

.0757 

.171 

.0465 

.0993 

2000 

.106 

.248 

.0680 

.147 

2500 

.154 

.358 

.0988 

.214 

3000 

.207 

.484 

.133 

.290 

4000 

.324 

.776 

.210 

.464 

5000 

.466 

1.14 

.302 

.676 

6000 

.630 

1.55 

.406 

.914 

8000 

1.15 

2.56 

.671 

1.48 

10000 

1.73 

3.92 

.980 

2.20 

12000 

2.56 

6.14 

1.39 

3.11 

14000 

4.12 

9.42 

2.05 

4.73 

16000 

5.02 

3.01 

6.83 
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Exponents 


rhudaiMitT 

flnioMi  ite*l  (St) 

Ordinanr  itoel  (Si) 

30-- 

60^ 

30^                           60~ 

30 

1.36 

1.49 

40 

1.32 

1.48 

SO 

1.40 

1.51 

00 

1.45 

1.43 

1.49                       1.55 

80 

1.90 

1.49 

1.49 

1.58 

100 

1.53 

1.50 

1.51 

1.60 

120 

1.95 

1.53 

1.53 

1.61 

100 

1.00 

1.56 

1.56 

1.63. 

200 

1.01 

1.58 

1.57 

1.64 

290 

1.0S 

1.00 

1.58 

1.65 

900 

1.04 

1.62 

1.99 

1.66 

400 

1.06 

1.64 

1.60 

1.07 

soo 

LOT 

1.65 

1.61 

1.68 

000 

1.08 

1.66 

1.62 

1.68 

800 

i.to 

1.67 

1.63 

1.69 

1000 

i.to 

1.68 

1.63 

1.69 

1200 

l.TO 

1.68 

1.63 

1.69 

1000 

l.Tl 

1.69 

1.64 

1.70 

2000 

1.71 

1.70 

1.63 

1.69 

2500 

l.TO 

1.69 

1.63 

1.69 

3000 

1.70 

1.69 

1.63 

1.69 

4000 

1.70 

1.69 

K64 

1.69 

5000 

1.70 

1.69 

1.63 

1.69 

6000 

1.70 

1.69 

1.63 

1.69 

8000 

1.70 

1.69 

1.65 

1.70 

10000 

1.70 

1.69 

1.65 

1.70 

12000 

1.70 

1.69 

1.66 

1.71 

14000 

1.71 

1.71 

1.68 

The  ratio  of  variation  is,  of  course,  independent  of  the  units  in 
which  W  and  B  are  expressed,  but  the  exponent  is  dependent 
upon  the  units  used  for  B  although  it  does  not  depend  upon  the 
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units  in  which  W  is  expressed.  For,  if  instead  of  B  we  write 
a  J?i,  where  or  is  a  constant,  the  equation 

becomes 

W^K  {aB,y 

In  this  form  the  coefficient  contains  the  variable  factor  a^,  which 
is  not  to  be  allowed,  for  the  coefficient  m\ist  be  kept  constant  if 
such  an  equation  is  to  have  any  useful  meaning,  as  we  have  seen, 
and  hence  in  cxrder  to  keep  the  coefficient  constant  the  exponent 
must  take  a  new  value.  This  may  be  seen  more  easily  from  equa- 
tion (18)  which  is  arranged  in  a  form  convenient  for  computiAg 
the  exponent  from  experimental  data.  B  appears  in  the  only 
term  in  the  denominator  while  two  of  the  terms  of  the  numerator 
are  independent  of  it,  and  hence  to  multiply  B  by  a  constant  wUl 
change  the  computed  values  of  z.  This  difficulty  disappears  when 
the  exponent  is  constant.  It  is  sometimes  a  convenience  to  be 
able  to  change  the  unit  in  which  B  is  expressed,  for  example  in 
shifting  the  decimal,  or  to  use  vohage  or  current  instead  of  the 
flux,  since  they  are  usually  proportional,  and  thb  is  equivalent 
to  a  change  of  imit. 

Another  difficulty  in  computing  the  exponent  from  equation 
(18)  for  values  of  B  approaching  tmity,  is  that  small  errors  in 
the  experimentally  determined  quantities  introduce  very  large 
errors  in  the  computed  exponent.  For  points  very  near  unity 
the  equation  fails  entirely,  as  unity  is  an  essential  singular  point 
of  the  function  representing  z,  the  denominator  becoming  zero. 
For  all  ordinary  work  this  difficulty  does  not  enter  as  only  large 
values  of  B  are  used.  In  Figs.  20  and  21  the  lowest  value  of  B 
reached  was  40.  For  the  experimental  determination  at  lower 
values  recoiu"se  would  have  to  be  had  to  a  null  method  such  as 
that  of  Campbell "  who  has  used  a  mutual  inductance  and  vibm- 
tion  galvanometer. 

On  the  whole,  the  determination  of  the  actual  exponent  is  of 
little  practical  importance.     It  is  much  more  difficult  to  deter- 

"  Proc.  Phys.  Soc.  London,  22,  p.  aoy;  1910. 
83226° — 1 1 10 
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mine  than  the  ratio  of  variation,  it  depends  upon  the  unit  in 
which  the  independent  variable  is  expressed,  and  after  it  is  once 
determined  its  use,  as  in  interpolation,  requires  logarithms  even 
for  small  intervals.  The  ratio  of  variation,  that  is,  the  slope  of 
the  logarithmic  curve,  is  much  more  convenient  to  use  in  interpo- 
lating over  small  intervals.  The  fact  that  a  constant  exponent 
is  the  same  as  the  ratio  of  variation  has  led  to  a  failure  to  distin- 
guish between  them  when  the  exponent  is  not  constant,  and  this 
has  introduced  considerable  confusion,  not  only  in  the  literattire 
of  iron  losses,  but  in  the  other  fields  in  which  the  same  ideas  are 
made  use  of.  Many  attempts  have  been  made  to  measure  the 
variation  of  the  exponent  by  methods  which  asstune  a  constant 

exponent. 

Recently  Richter**  has  proposed  a  two-constant  formula  to 

supplant  the  classical  form,  using  only  the  first  power  and  the 

square  of  £  so  as  to  avoid  fractional  exponents.     It  is  of  the  form 

W  =  aB+cB^ 

where  a  and  c  are  constants.  Jouaust  ^'  has  commented  favor- 
ably on  it.  It  is  easily  seen  that  the  ratio  of  variation  for  iron 
whose  losses  follow  such  a  law  can  not  be  greater  than  2.  For 
differentiating  and  dividing  by  the  original  equation 


dW 

adB  +  2cBdB    a + 2cB 

dB 

W~ 

aB+cB*     ^  a+cB 

dW 

W     a+2cB 

dB  ~  a+cB 

B 

(20) 


and  from  its  form  the  right  member  of  this  equation  can  not  be 
less  than  i,  which  it  approaches  for  very  small  values  of  B,  and  it 
can  not  exceed  2,  which  it  approaches  for  large  values  of  B.  It 
may  also  be  seen  from  (20)  that  if  we  plot  the  ratio  of  variation 
against  B  the  resulting  curve  slopes  upward  throughout  and  hence 
has  neither  maxima  nor  minimiun,  or  more  rigorously,  since  the 

^^  Electrotechnische  ZS.,  Dec.  8,  1910. 
^'Lumito  ^lectrique,  18,  p.  341,  1911. 
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left  member  is  the  ratio  of  variation  we  may  get  its  slope  by- 
differentiating  in  regard  to  B, 


2c{a  4-  cB)  —  c{a  4-  2cB) 


ac 


{a-^-cBy 


Which  shows  the  slope  to  be  always  positive  as  stated. 

Although  Richter's  formula  may  be  very  useful  when  applied  to 
the  relatively  narrow  limits  of  flux  density  used  in  commercial 
transformer  design,  it  will  evidently  not  meet  the  requirements 
over  such  wide  ranges  as  shown  for  transformers  S,  and  5,  in 
Figs.  20  to  23,  or  for  such  special  cases  as  shown  for  transformer  F 


< 

I' 

o 
o 

2o 


,6 

60^ 

> 

2< 

0 

4 

0 

6( 

9 

8 

0 

100 

%  FULL  LOAD  CURRENT 
Fig.  24. — Ratio  of  variation  for  transformer  Fat  60  cycles, 

in  Figs.  18  and  24,  where  the  ratio  of  variation  passes  through 
maxima  and  minima,  has  negative  slopes,  values  greater  than  2^ 
etc.  Moreover,  as  our  present  interest  is  chiefly  in  exponents  and 
ratios  of  variation  attaining  values  of  2  or  greater,  the  formula 
will  not  suffice. 

6.  THE  SLOPE  OF  THE  RATIO  CURVE  DETERMUVED  BT  THE  RATIO  OF 

VARIATION 

To  return  to  the  question  of  the  ratio  curve  of  the  current 
transformer  on  noninductive  load  we  had  found,  by  means  of 
equation  (10)  that  if  the  Steinmetz  exponent  for  the  total  iron 
losses  could  be  taken  as  constant  then  the  ratio  would  increase 
with  increasing  current  for  exponents  greater  than  2,  and  would 
decrease  with  increasing  current  for  exponents  less  than  2,  the 
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latter  being  the  type  of  curve  almost  universally  met  with.  We 
were  imable  to  compare  this  theory  with  experimetital  results  as 
experiment  showed  that  the  exponent  was  not  constant.  This 
led  to  the  foregoing  investigation  of  the  relation  between  the 
exponent  and  the  ratio  of  variation,  and  of  the  methods  used  in 
their  determination,  and  we  may  now  find  a  more  general  condi- 
tion which  determines  the  slope  of  the  transformer  ratio  curve. 

The  previous  statement  of*  the  dependence  of  the  slope  of  the 
ratio  ciu-ve  upon  the  value  of  a  constant  exponent  holds  in  exactly 
the  same  way  for  the  general  case  of  a  variable  exponent  if  the 
ratio  of  variation  be  substituted  for  the  exponent.  In  fact  the 
development  may  be  made  without  assuming  any  empirical 
relaticm  between  the  fltix  and  the  total  loss.  By  equation  (5)  the 
ratio 

F 
R^n+Y 

where  n  is  the  number  of  turns  and  F  the  core  loss  component  of 
the  exciting  current.  If  W  is  the  core  loss,  E^,  E^  the  primary 
and  secondary  voltages,  and  r  ,  the  secondary  resistance  then 


and  the  ratio  becomes 


^     W    nW    nW 


/e==n4-^^ 


rj.' 


Differentiating, 


dR^n^     ^^dl^     ^^      nWl  W 
dl~r,'  /,»         'rjAdl^     ^ 


Replacing  F  from  (21) 


/, 


dR     Fl  W 


The  fraction  within  the  parentheses  is  the  ratio  of  variation  of  the 
core  loss  with  respect  to  the  current,  but  since  the  current  is 
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proportional  to  the  flux,  this  is  the  same  as  the  ratio  of  variation 
with  respect  to  the  flux.     Hence  we  may  also  write 


/dW 
dR  Fl  W 
dl  ^lA  dB 

\b 


—  2 


(23) 


Either  (22)  or  (23)  shows  that  the  ratio  of  a  current  transformer 
will  rise  with  increasing  current  when  the  ratio  of  variation  is 
greater  than  2,  and  that  it  decreases  with  increasing  current  when 
the  ratio  of  variation  is  less  than  2.  This  latter  is,  as  already 
stated,  almost  imiversally  the  case. 

That  the  experimental  results  obtained  from  the  measure- 
ments of  transformer  F  verify  this  conclusion  may  be  seen  from 
a  comparison  of  the  ratio  curves  of  Fig.  4,  with  the  curves  of  the 
ratio  of  variation  of  Figs.  18  and  24.  At  60  cycles  the  ratio 
curve  slopes  upward  throughout  its  length  and  in  agreement 
with  this  the  ratio  of  variation  is  greater  than  2  over  the  whole 
range.  In  the  curve  at  25  cycles  the  ratio  increases  to  half  load 
and  then  slowly  decreases  to  full  load  while  in  agreement  with 
this  the  ratio  of  variation  is  greater  than  2  for  low  currents  and 
less  than  2  for  the  larger  currents,  passing  through  the  value  2 
at  approximately  half  load. 

To  test  equation  (22)  quantitatively  Table  III  has  been  com- 
puted for  this  transformer  from  the  quantities  plotted  in  the 
figtu-es  referred  to. 

TABLE  m 


Slope  of  Ratio  Curve  m 

Percentage  Change  of  Ratio  per  Ampere 

ftioniiilirj 

60  q^M 

25cyclM 

CURSOt 

Cafcnliled 

ObMTPed 

Cakutatad 

ObMIVWl 

1 

+0.00 

h0.00 

+0.27 

+0.09 

2 

+  .06 

+  .04 

+  .04 

+  -04 

2.5 

.00 

.00 

3 

+  .05 

+  .03 

-  .02 

-  .02 

4 

-f  .02 

-f  .02 

-  .07 

-  .05 

5 

+  .01 

+  .01 

-  .09 

-  .07 
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With  the  exception  of  the  i  ampere  point  at  25  cycles  the 
agreement  is  extremely  satisfactory,  the  difference  in  the  calcu- 
lated and  observed  values  of  the  ratio  curve  not  exceeding  0.02 
per  cent  for  the  ratio  change  per  ampere.  The  discrepancy  at 
the  one  point  is  due  to  the  great  difficulty  in  obtaining  suffi- 
ciently accurate  determinations  of  both  the  ratio  and  the  core 
loss  at  the  low  loads.  In  fact  the  agreement  at  the  i  ampere  60 
cycle  point  must  be  regarded  as  accidental.  For  cmrents  less 
than  an  ampere  the  accuracy  is  not  great  enough  to  allow  any 
comparison  to  be  made,  as  is  shown  by  plotted  points  in  Fig.  4. 
This  is  not  siUTprising  when  the  magnitude  of  some  of  the  quan- 
tities is  considered.  For  example,  at  one  ampere,  60  cycles,  the 
core  loss  was  but  0.003  watt  and  for  many  of  the  lower  points 
the  corrections  for  the  energy  taken  by  the  measuring  instru- 
ments was  more  than  half  the  total  quantity  measured. 

In  Fig.  25  the  loss  and  the  ratio  of  variation  for  the  core  of  a 
power  transformer  designated  as  transformer  G,  are  plotted  for 
low  flux  densities,  the  maximum  value  reached  being  235  gausses. 
The  ratio  of  variation  decreases  from  slightly  over  2  at  low 
voltage  to  sUghtly  less  than  2  at  the  highest  voltage  shown.  When 
tested  as  a  current  transformer  it  gave  a  very  flat  ciu^e  as  would 
be  predicted  from  theory,  and  actually  passed  through  a  maximum ; 
but  the  change  in  ratio  was  only  a  very  few  hundredths  of  a 
per  cent. 

A  few  other  cases  have  been  found  in  which  the  ratio  of  varia- 
tion was  slightly  greater  than  2  at  low  flux  densities,  as,  for 
example,  with  transformer  5„  discussed  in  connection  with  Fig. 
19,  but  no  other  case  has  been  found  in  which  the  phenomenon 
of  the  ratio  of  transformation  increasing  with  the  current  was 
anywhere  nearly  as  pronounced  as  with  transformer  F.  Refer- 
ence has  already  been  made  to  the  fact  that  occasionally  a  trans- 
former had  been  found  whose  ratio  ciu-ve  showed  a  tendency  to 
turn  down  instead  of  up  at  the  extreme  low  current  end  of  the 
curves,  and  although  passed  over  at  the  time  as  possibly  due  to 
errors  of  measurement,  it  seems  entirely  probable  that  these 
transformers  would  have  shown  core  loss  curves  whose  ratios  of 
variation  reached  values  of  2  or  more. 
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Fig.  25. — Core  loss  and  ratio  of  voriaiion  for  tranformmr  Gat  60  cycles.    Maximum  8^235. 1 
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It  might  be  supposed  that  all  transformer  iron  might  show 
high  values  of  the  ratio  of  variation  if  the  measurements  were 
pushed  to  low  enough  values  of  flux  density.  To  determiHe  this 
point  recourse  would  have  to  be  had  to  either  very  large  masses 
of  iron  or  to  more  sensitive  methods,  such  as  Campbell's,  to 
which  reference  has  already  been  made,  for  with  some  trans- 
formers the  ratio  of  variation  was  well  under  2  at  the  lowest 
flux  densities  that  could  be  reached  with  the  electrodynamom- 
eters  used  in  these  measurements.  The  large  changes  that 
magnetic  history  may  introduce  into  the  measured  values  of  the 
permeability  and  the  core  loss  at  low  densities  where  the  effect 
is  much  greater  is  another  disturbing  factor  in  such  measurements. 
It  has  been  shown  "  that  considerable  errors  may  be  introduced 
into  ratio  and  phase  angle  measurements  by  the  variations  in 
the  magnetic  constants  due  to  the  magnetic  history  of  the  core. 

In  the  case  of  transformer  H  in  which  the  ratio  could  be  varied 
by  series-parallel  grouping  of  the  primary  windings  the  determina- 
tion of  the  ratio  and  phase  angle  was  carried  to  extremely  low 
values  of  the  current,  and  yet  the  ratio  ciu-ve  showed  no  tendency 
to  ttun  down,  (Fig.  26) ;  on  the  contrary,  the  upward  curvature 
steadily  increases,  indicating  that  the  ratio  of  variation  is  still 
below  2.  By  special  manipulation  the  sensibiUty  did  not  fall  below 
1/1500  even  at  2.5  per  cent  of  load.  Incidentally  these  curves 
show  how  nearly  the  same  form  the  ratio  and  phase  angle  turves 
may  take.  By  changing  the  scale  of  one  they  would  be  nearly 
coincident. 

Although  there  is  need  for  a  systematic  study  of  iron  losses  at 
moderate  and  low  flux  densities,  the  data  available  being  neither 
comprehensive  nor  systematic,  at  least  nine  other  observers  **  have 
reported  values  of  the  Steinmetz  exponent  as  great  as  or  greater 
than  2.  As  in  nearly  every  case  increasing  or  decreasing  values 
of  the  *'  exponent "  are  reported,  the  values  may  be  interpreted  as 
the  ratio  of  variation. 

^^  For  a  detailed  discusBion,  see  Agnew  and  Fitch,  this  Bulletin,  6,  p.  297,  1909. 
Reprint  130. 

^^Rayleigh:  Phil.  Mag.,  28,  p.  225;  1887.  Ewing  and  Klassen:  Phil.  Trans,  p.  985 > 
1893.  Maurach:  Ann.  d.  Phys.,  811,  p.  580;  1901.  Wild:  Electrician,  56,  705; 
1906.  Sumpner:  Electrician,  56,  768;  1906.  Wilson,  Winston,*  and  O'Dell:  Proc. 
Roy.  Soc.,  80,  p.  548;  1908.  Lloyd  and  Fidier:  Bttll.  Bur.  Standards,  5,  p.  453; 
Z909.  Reprint  109.  Reed:  Elec.  Journal,  7,  p.  361;  1910.  Wooldridge:  Proc.  Am. 
Inst.  Elec.  Eng.,  80,  p.  139,  Jan.  1911. 
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This  dq>endence  of  the  slc^e  of  the  ratio  curve  upon  the  ratio  of 
variation  raises  an  interesting  point  in  r^ard  to  methods  some- 
times used  in  the  ratio  determination.  This  method  is  to  measure 
both  primary  and  secondary  currents  separately  by  sensitive 
dynamometers,  but  as  this  requires  the  extra  impedance  of  the 
dynamometer  to  be  placed  in  the  secondary  circuit,  the  pedoTm- 
ance  of  the  transformer  is  modified  by  this  meastuing  instrument. 
Attempts  have  been  made  to  correct  for  this  by  adding  double  the 
impedance  so  as  to  get  a  correction  to  apply  in  reducing  the  values 
to  what  would  be  obtained  if  the  impedance  of  the  instrument  were 
not  in  circuit,  or  to  reach  the  same  end  by  detomining  the  error 
thus  introduced  on  a  few  transformers  and  thus  to  get  a  "blanket 
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Fig.  26. — Rath  aftd  phase  angh  curves  of  tnm^orm&r  H, 


correction  *'  to  apply  to  all  measurements.  It  is  evident  that  this 
procedure  may  introduce  considerable  errors  if  the  core  should 
happen  to  have  its  ratio  of  variation  pass  through  the  value  2 ,  and 
hence  the  ratio  of  transformation  have  a  maximum.  Accordingly, 
such  a  plan  should  not  be  used  for  the  most  accurate  work,  as  it 
assumes  precisely  similar  ratio  of  variation  curves  in  all  cases. 

7.  BSARINO  ON  DESIGN 

While  the  relation  between  the  slope  of  the  ratio  curve  and  the 
ratio  of  variation  has  been  established  only  for  the  case  of  nonin- 
ductive  load,  it  may  be  said  that  a  transformer  showing  a  good 
performance  on  noninductive  load  will  usually  give  good  ratio 
curves  on  inductive  loads,  and  vice  versa,  so  that  while  quantita- 
tively the  relation  will  not  hold,  it  will  do  so  in  a  general  qualitative 
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way.  Evidently  for  a  given  total  loss  it  would  be  better  to  select 
a  grade  of  steel  having  a  relatively  high  eddy  current  and  low 
hysteresis  loss,  since  the  former  would  probably  vary  almost 
exactly  as  the  square  of  the  flux  at  the  low  densities  used.  Of 
course  in  this  region  the  eddy  current  loss  is  usually  less  than  the 
hysteresis  loss,  but  experiments  on  different  kinds  of  steel  might 
result  in  finding  one  whose  ratio  of  variation  for  the  total  iron 
losses  would  be  nearly  constant  and  have  a  value  of  approximately  2 . 
It  would,  of  course,  be  desirable  to  have  such  a  property  coupled 
with  a  high  permeability  so  as  to  keep  the  phase  angle  small. 

It  would  also  seem  to  follow  that  for  a  given  frequency  and  a 
given  secondary  impedance  load,  the  ratio  performance  might  be 
better  in  a  transformer  using  relatively  thicker  sheets,  so  as  to 
increase  the  eddy  cturents,  or  even  by  the  use  of  an  auxiliary 
winding  to  be  closed  through  a  resistance.  But  for  general  work, 
where  different  frequencies  and  reactance  loads  are  to  be  used  it 
would  not  be  advantageous,  since  the  amount  of  the  departure 
from  the  ratio  of  turns  would  be  increased,  and  hence  the  change 
in  the  ratio  resulting  from  a  change  in  frequency  or  in  impedance 
load  would  also  be  increased,  although  the  curve  would  be  flatter 
for  any  gfiven  frequency  and  impedance  load. 

8.  DISTORTION  OF  WAVE  FORM 

There  has  been  a  considerable  amount  of  discussion  as  to  whether 
wave  distortion  in  a  cturent  transformer  can  introduce  appreciable 
errors  in  measurements  in  which  the  ratio  or  phase  angle  of  the 
transformer  enters.  Of  course  in  a  circuit  containing  iron  there 
must  theoretically  be  some  distortion,  however  small,  and  a  greatly 
exaggerated  importance  has  often  been  assigned  to  it.  Robinson 
has  shown  by  means  of  the  oscillograph  that  even  in  the  case  of  a 
complicated  wave  form  the  distortion  can  not  be  important,**  but 
no  numerical  determinations  of  the  actual  magnitude  of  the  dis- 
tortion have  been  published.  A  really  satisfactory  answer  to 
such  a  question  must  depend  upon  quantitative  data.  Since,  if 
distortion  is  allowed  for,  there  are  two  possible  definitions  of  the 
ratio  of  transformation  and  of  the  phase  angle,  and  as  there  seemed 
to  be  a  possibility  of  the  same  error  entering  into  both  the  direct 

**  Trans.  Amer.  Inst.  Elec.  Eng.,  28,  p.  1005;  1909. 
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determinations  of  the  constants  of  the  transformer  and  in  the  deter- 
mination of  the  exciting  current  components,  it  was  thought 
advisable  to  attempt  some  quantitative  determinations  of  the 
magnitude  of  the  distortion.  The  question  of  the  effect  of  possible 
distortion  on  ratio  and  phase  angle  has  already  been  discussed. 

Two  cases  are  to  be  distinguished,  that  of  a  sinusoidal  primary 
current,  and  the  much  more  complicated  one  in  which  the  primary 
current  is  nonsinusoidal.  In  neither  case,  however,  can  the 
oscillograph  or  even  the  curve-tracer  be  made  to  give  any  but 
negative  results,  by  merely  analyzing  the  primary  and  secondary 
current  waves  separately.  The  amount  of  distortion  is  so  minute 
that  some  indirect  method  must  be  employed. 

The  following  method  was  used  in  the  case  of  a  sinusoidal 
primary  current,  taken  from  a  star  connected  generator  whose 
individual  phases  have  very  good  waves.     Two  shunts  /?i  and  i?. 


Fig.  27. — ]Vav€  form  of  tht  quadrature  component  in  the  secondary  current  of  transforfner  F, 

as  determmed  by  the  Rosa  curve  tracer.    25  cycles,  full  load, 

were  placed  in  the  primary  and  secondary,  respectively,  and  the 
value  of  /?,  adjusted  to  give  the  same  in-phase  drop  as  IJi^  as  in 
the  method  of  getting  ratio.  (See  Fig.  6.)  All  the  distortions 
present  in  /^,  will  appear  in  Q.  Hence,  if  we  in  some  way  deter- 
mine the  amount  of  distortion  in  Q,  it  will  immediately  give  us 
the  distortion  in  the  secondary  current.  The  advantage  of  this 
procedure  is  that  the  harmonics  present  will  form  a  very  much 
larger  part  of  Q  than  of  I^R^i  and  hence  it  is  much  like  measuring 
a  small  difference  directly  rather  than  as  the  difference  between  the 
measurements  of  two  large  quantities.  Small  amounts  of  impuri- 
ties in  the  primary  wave  will  not  appreciably  affect  the  results. 

In  Fig.  27  is  reproduced  an  example  of  the  wave  form  of  the 
complex  emf  Q,  as  determined  by  the  Rosa  curve-tracer.  It  was 
taken  on  transformer  F  at  25  cycles,  5  amperes  secondary  current. 
From  an  analysis  of  this  wave  by  Thomson's  method,  the  following 
data  are  computed  for  comparison  with  some  of  the  data  derived 
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from  the  direct  measurements  of  ratio,  and  of  core  loss  and 
ms^[netizing  current : 

Effective  value  of  25  cycle  oomponent  fiom  curve e.00496  volt 

Effective  value  of  25  cycle  component  by  dynamometer 0.00487  volt 

Magnetizing  current  computed  from  curve 0.511  amp 

Magnetizing  current  observed 0.500  amp 

Percentage  of  third  harmonic  in  curve 16.00  per  cent 

Percentage  of  fifth  harmonic  in  curve 3.00  per  cent 

Percentage  of  third  harmonic  in  secondary  current 0.13  per  cent 

Percentage  of  fifth  harmonic  in  secondary  cturent 0.03  per  cent 

Distortion  due  to  third  harmonic  in  terms  of  effective  values x  part  in  1 000000 

Distortion  due  to  fifth  harmonic  in  terms  of  effective  values i  part  in  20000000 

The  accuracy  of  the  experimental  data  was  not  great  enough  to 
allow  more  than  two  harmonics  to  be  computed,  as  the  difficulties 
of  tracing  a  wave  of  so  small  an  emf  ai^  considerable.  In  fact, 
the  close  agreement  shown  must  be  in  part  accidental.  In  order 
to  trace  a  wave  the  emf  of  which  was  only  5  millivolts,  it  was  neces- 
sary to  use  a  high  sensibility  galvanometer,  to  place  extra  wide 
contact  pieces  on  the  rotating  contact  maker,  and  to  use  various 
other  precautions. 

A  direct  analysis  of  the  emf  Q  was  carried  out  by  des  Coudres' 
direct  dynamometer  method,"  in  which  the  emf  to  be  analyzed 
is  applied  to  the  moving  coil  of  a  djmamometer  while  a  current 
from  a  machine  giving  any  desired  harmonic  is  passed  through 
the  fixed  coil.  The  resulting  deflection  is  due  entirely  to  this 
particular  harmonic.  In  order  to  obviate  the  difficulty  of  phase 
relations,  the  machines  were  run  just  out  of  synchronism,  giving 
a  continuous  phase  shift.  The  d)mamometer  would  then  deflect 
back  and  forth,  following  the  continuously  changing  phase  rela- 
tion, the  maximum  travel  either  side  of  the  zero  giving  a  measure 
of  the  emf  of  the  harmonic  that  was  being  determined.  For 
the  third  harmonic  the  dynameter  made  three  complete  swings 
for  one  cycle  of  the  synchronizing  lamp,  for  the  fifth,  five,  and 
so  on.  Only  two  harmonics  could  be  determined  in  this  way,  on 
account  of  experimental  difficulties,  the  chief  of  which  was  due 
to  the  inertia  of  the  moving  coil  of  the  d3aiamometer,  causing  it 
to  have  an  appreciable  period  of  its  own.  For  this  reason  the 
machines  had  to  be  run  almost  exactly  in  synchronism  so  that 
the  changes  in  deflection  would  be  slow.  The  deflections  which 
it  was  possible  to  obtain  were  only  a  few  millimeters. 

*^  des  Coudres,  Electrotechnische  ZS.,  21;  pp.  752  and  770;  1900. 


.) 


Cvrrent  Transformer 


467 


The  distortion  fotmd  for  a  modem,  high  grade  current  trans- 
former imder  various  conditions  of  frequency,  impedance  load, 
and  current  is  given  in  Table  IV. 

TABLE  IV 
Distortion  Introduced  by  Transformer  /•    Primary  Current  Sinusoidal 


VraQiMsicy 

ImpedMiM  In  Me, 

SM.carraot 

Per  cent  tbird 
hemonlc 

Per  cent  flIQi 

25 

1  asimeter 

1 

0.11 

0.03 

25 

1  amiiMter 

2 

.08 

.03 

25 

1  asuneter 

3 

.06 

.03 

25 

1  ammeter 

4 

.08 

.03 

25 

1  ammeter 

5 

.08 

.03 

25 

1.6^ 

1 

.31 

.09 

25 

1.6^ 

2 

.33 

.06 

25 

1.6-^ 

3 

.34 

.07 

25 

1.6^ 

4 

.34 

.07 

25 

1.6 -■ 

5 

.36 

.06 

25 

1  ^4-8  mh 

1 

.27 

.01 

25 

l^-f.8mh 

2 

.26 

.01 

25 

l^-f.8mh 

3 

.27 

.02 

25 

I  ^^8mh 

4 

.28 

.03 

25 

1  -^+8mh 

5 

.28 

.05 

60 
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1 

.06 
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60 
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2 

.05 

.03 

60 
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3 

.04 

.02 

60 
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4 

.04 

.02 

60 

1  ammeter 

5 

.03 

.02 

60 
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1 

.15 

.06 

60 

1.6-^ 

2 

.16 

.04 

60 

1.6^ 
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.16 
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60 

1.6^ 
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60 
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60 
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60 
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4 

.22 

.04 

60 

1  ^+8mh 

5 

.22 

.04 
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The  percentage  of  harmonic  present  in  each  case  is  seen  to  be 
independent  of  the  current,  so  far  as  the  accuracy  of  the  method 
is  concerned.  Evidently  the  amount  of  distortion  in  a  current 
transformer  is  extremely  small,  for  a  sinusoidal  primary  wave 
the  highest  figure  obtained,  and  that  under  severe  conditions, 
being  but  0.36  per  cent  of  the  fimdamental,  and  this  adds  less 
than  one  part  in  one  hundred  thousand  to  the  effective  value. 
About  the  same  value  is  obtained  for  the  25  cycle,  low  impedance 
load  as  was  obtained  under  similar  conditions  for  transformer  F, 
which  was  the  transformer  showing  the  peciiliar  ratio  curves. 
In  no  case  is  the  amount  of  fifth  harmonic  introduced  great 
enough  to  change  the  ratio  of  effective  values  by  as  much  as  one 
part  in  a  million. 

In  order  to  determine  the  distortion  for  the  case  of  a  non- 
sinusoidal  primary  wave  the  method  was  considerably  modified. 
For  the  experiment  two  transformers  having  5  to  5  ampere 
windings  were  chosen  in  order  that  precisely  similar  shimts  might 
be  used  in  primary  and  secondary,  thus  eliminating  errors  due 
to  difference  in  the  inductances  of  the  shimts.  The  most  essential 
modification  of  the  method  consisted  in  reducing  the  measured 
value  of  the  quadrature  resultant  electromotive  force  Q  (Fig.  6) 
to  zero,  by  introducing  a  variable  self  inductance  in  the  sec- 
ondary so  as  to  vary  the  phase  angle  of  the  transformer,  in  fact 
to  bring  it  to  zero.  Under  this  condition  if  there  were  no  dis- 
tortion introduced  by  the  transformer  there  would  be  no  resultant 
emf  whatever  to  be  applied  to  the  moving  coil  of  the  dynamom- 
eter, and  hence  any  resultant  that  is  found  in  Q  is  due  to  dis- 
tortion within  the  transformer.  The  diagram  of  connections  is 
shown  in  Fig.  28.  For  convenience  a  dynamometer  having  2 
separate  field  coils  for  i  and  5  amperes  was  used  but  two  sep- 
arate instruments  would  have  done  as  well.  The  self-inductance 
of  the  moving  coil  was  compensated  and  the  coil  set  at  the  posi- 
tion of  zero  mutual  inductance.  Two  motor-driven  2-phase 
alternators  rigid  on  the  same  shaft  and  designed  for  25  and  75 
cycles  were  used  as  sources.  The  5-ampere  coil  of  the  d3mamom- 
eter  could  be  thrown  in  or  out  of  the  primary  circuit  by  the 
switch  M,  while  the  i -ampere  coil  could  be  connected  to  either 
phase  of  the  75-cycle  machine. 
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The  procedure  was  to  throw  M  to  the  right,  N  up,  and  adjust 
/?2  for  the  ratio,  S  being  open.  Then  throw  M  left,  N  down, 
and  adjust  the  self -inductance  L  for  no  deflection  or  Q,  To  get 
both  adjustments  it  was  necessary  to  successively  approximate, 
and  it  was  found  convenient  also  to  change  the  frequency.  The 
primary  current  was  maintained  constant  at  full  load  by  the 
ammeter  A^,  When  these  adjustments  were  made,  with  M  left, 
TV  up,  5  was  thrown  first  left  and  the  in-phase  component  of  the 
distorted  emf  read  on  the  upper  dynamometer.  S  was  then 
thrown  right  and  the  quadrature  component  measured.     S  con- 


p 
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Fig.  28. — Comuciiofis  for  measuring  the  distortion  in  a  current  transformer  with  a 

nonsinusmusoidal  primary  wave. 

nects  the  moving  coil  to  the  source  of  the  third  harmonic.  The 
results  which  were  obtained  at  a  frequency  of  38  cycles,  are 
shown  in  Table  V. 

TABLE  V 
Distortion  emf  (volts) 


Tmiwrn  niifT 

Wavetorm 

InphiM 

In  qiuulntare 

Total 

Chaofe  In  effactivt 
vahio 

K 

ft 

Si 

20%  dimple 
20%  peak 
20%  dimple 
20%  peak 

0.00050 
21 
77 
32 

0.00017 
51 
28 
33 

0.00053 
55 
82 
46 

lin    4000 
lin  10000 
lin   2500 
lin   6000 

In  computing  the  change  in  the  effective  value  only  the  in-phase 
component  of  the  distortion  emf  was  taken  into  account  as  the 
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effect  of  the  quadrature  component  would  be  entirely  inappre- 
ciable. The  current  was  5  amperes,  and  /?i  and  /?,  approximately 
0.075  ohm. 

Transformer  K  was  of  an  old  type  showing  a  poor  ratio  curve, 
and  Si  was  a  special  transformer. 

We  may  conclude  from  the  results  of  these  determinations  of 
the  magnitudes  of  the  distortion  introduced  by  current  transform- 
ers, that  the  distortion  is  so  small  that  it  is  of  theoretical  interest 
only,  amounting  as  it  does  to  less  than  one  part  in  one  htmdred 
thousand  in  effective  value  when  the  primary  current  is  sinu- 
soidal, and  to  but  one  part  in  two  thousand  five  himdred  in  the 
most  unfavorable  case,  and  that  with  20  per  cent  of  third  har- 
monic in  the  primary  wave.  When  we  consider  the  good  wave 
forms  given  by  modem  alternators,  we  may  safely  say  that  in  no 
practical  case  can  the  distortion  be  detected  by  its  introducing 
errors  into  the  measurement  of  either  emf ,  current  or  power,  even 
with  the  most  accurate  instruments  available. 

It  also  follows  that  there  is  no  appreciable  difference  in  the  ratio 
of  transformation  whether  it  be  defined  as  the  ratio  of  the  mean 
effective  values  of  the  currents,  or  as  the  ratio  of  the  primary  to 
the  tmdistorted  part  of  the  secondary;  and  hence  there  can  be 
no  objection  against  any  of  the  null  methods  now  in  use,  whether 
the  detector  be  an  electrodynamometer,  an  electrometer,  or  a 
rotating  commutator  with  a  direct-current  galvanometer. 

9.  EFFECT  OF  WAVE  FORM  UPON  RATIO  AlTD  PHAffi  AHOLB 

While,  as  we  have  seen,  no  appreciable  distortion  is  introduced 
by  the  transformer,  the  wave  form  may  change  the  ratio  appreci- 
ably. This  has  been  pointed  out  by  Rosa  and  Lloyd,**  who  made 
some  measttfements,  the  result  of  which  showed  that  while  small, 
the  effect  could  be  detected  by  the  methods  then  in  use,  if  the 
distortion  was  large. 

In  Fig.  29  are  plotted  the  results  of  measurements  of  the  ratio 
of  transformer  /,  which  is  a  high-grade  instrument,  with  5  dif- 
ferent wave  forms,  and  with  2  different  secondary  impedance 
loads.     It  should  be  noted  that  the  vertical  scale  is  greatly  mag- 

^•This  Bulletin,  6,  p.  30;  1909. 
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nified  so  as  to  separate  the  curves,  also  that  the  impedance  load 
for  the  upper  curves  is  somewhat  severe.  The  curves  are  very 
nearly  parallel,  and  the  ratio  at  the  smaller  impedance  load  even 
with  a  wave  distorted  by  20  per  cent  of  third  harmonic  differs 
only  0.05  per  cent  either  way  from  the  value  with  a  sine  ciu-ve, 
while  with  the  large  impedance  in  the  secondary  the  correspond- 
ing change  is  only  o.  1 5  per  cent  and  these  are  only  half  as  great 
at  10  per  cent  distortion.    At  60  cycles  the  corresponding  figures 
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Rg.  29. — Effect  c/wavt  form  vpon  rath.    Transformer  J,  25  cycles. 


would  be  considerably  less.  The  relative  accuracy  of  the  measure- 
ments was  0.02  per  cent. 

The  dimpled  wave  raises  the  ratio  and  the  peak  wave  lowers  it, 
which  is  in  the  direction  that  theory  would  predict,  since  a  dim- 
pled wave  increases  the  iron  losses  and  a  peaked  wave  decreases 
them  for  the  same  effective  value  of  emf ,  as  has  been  shown  by 
Lloyd  "  and  others. 

The  effect  of  wave  form  on  the  phase  angle  is  very  small.  For 
example  with  25  cycles,  i.i  ohm  resistance  in  the  secondary  cir- 

^*This  Bulletin,  5,  p.  381,  1909,  Reprint  No.  106. 
83226**— II II 
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cuit,  full  load  current,  the  following  values  of  the  phase  angle 
were  determined. 


l^flve  fom 


Ptaaaeaxicle 


20fo  peak 

sine 

20%  dimple 


33.8^ 
35.(K 
35.6^ 


About  the  same  differences  persisted  over  the  current  range,  as 
near  as  could  be  told;  that  is,  half  a  minute  to  a  minute.  The 
sensibility  was  proportionately  less  at  the  lower  currents.  Again, 
the  direction  of  the  change  fotmd  is  the  same  as  would  be  pre- 
dicted from  theory.  It  is  too  small  to  be  of  any  practical  signifi- 
cance. With  lo  per  cent  distortion  the  effect  was  too  small  to 
be  detected  with  certainty. 

The  effect  of  wave  form  upon  ratio  and  phase  angle  is  very 
similar  to  that  of  small  changes  in  frequency,  as  might  well  be 
expected,  and  with  good  transformers  is  entirely  negUgible  for  the 
wave  forms  met  in  practice. 

10.  SUMMARY 

1.  While  the  ratio  of  transformation  of  current  transformers 
usually  decreases  with  increasing  current,  it  may  increase  in  indi- 
vidual cases,  or  even  pass  through  a  maximmn. 

2.  The  ratio  and  the  phase  angle  performance  may  be  accurately 
computed  from  the  magnetic  data  of  the  core. 

3.  In  general  the  slope  of  the  ratio  curve  may  be  qualitatively 
predicted  from  the  value  of  the  Steinmetz  exponent  if  the  latter 
be  assiuned  to  be  constant.  But  the  iron  losses,  particularly  at 
the  low  flux  densities  used,  depart  too  widely  from  such  a  simple 
law  for  accurate  work. 

4.  The  slope  of  the  ratio  curve  may  be  acciuiately  computed 
from  the  slope  of  the  curve  obtained  by  plotting  the  core  loss 
against  the  flux  on  logarithmic  coordinate  paper. 

5.  It  is  proposed  that  this  logarithmic  slope,  or  logarithmic 
derivative  shall  be  called  the  ratio  of  variaiion.  It  is  much  more 
useftd  than  the  actual  exponent. 
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6.  The  methods  now  in  use  for  determining  the  "exponent" 
fail  to  give  a  true  exponent  that  will  satisfy  the  equation  W = KB^, 
miless  2:  is  a  constant.  The  quantity  actually  determined  by  these 
methods  is  the  ratio  of  variation. 

7.  The  wave  form  of  the  secondary  of  a  current  transformer  may 
be  considered  to  be  the  same  as  that  of  the  primary  current  for 
even  the  most  precise  measurements,  as  the  distortion  within  the 
transformer  is  entirely  negligible. 

8.  While  the  effect  of  variations  in  wave  form  on  ratio  and  phase 
angle  may  be  detected  by  accurate  measurements,  it  is  too  small 
to  be  of  practical  importance,  being  of  the  same  order  of  magnitude 
as  the  effect  of  small  changes  in  frequency. 

9.  The  null  methods  used  for  accurate  determinations  of  ratio 
and  phase  angle  all  give  the  theoretically  correct  results,  well 
within  the  experimental  error,  so  that  the  acciuiacy  attainable  is 
decidedly  greater  than  is  required  in  practice. 
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INTRODUCTION 

The  most  general  expression  of  the  laws  of  thermodynamics  for 
an  isothermal  process,  of  which  the  well-known  equation  of  Helm- 
holtz for  the  electromotive  force  of  voltaic  cells  is  a  particular 
example,  may  be  written  in  the  form 

H  denotes  the  change  in  the  internal  energy  of  the  system  and  A 
the  maximum  work  or  the  change  of  free  energy  for  a  reversible 
physical  or  chemical  process  conducted  isothermally. 

If  A  for  I  gram  equivalent  of  an  ion  is  expressed  in  terms  of 
electrical  work  as  nFE  (n  the  valence  of  the  cation,  F  the  number 
of  coulombs  transported  through  an  electrolyte  by  a  gram  equiva- 
lent, and  E  the  emf),  the  equation  becomes  that  of  Helmholtz, 
namely, 

nFE =H-^TnF^.  or  E  =  ^-VT^' 

dT  nF       dT 
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A  number  of  distinct  cases  occur  in  the  application  of  the  general 
equation. 

First.  dA  /dT = o  at  all  temperatures.  This  case  is  an  expression 
of  the  so-called  Thomson  principle  as  applied  to  voltaic  cells, 
which  makes  dE/dT  =  o,  In  fact,  the  Daniell  cell,  set  up  with 
saturated  copper  sulphate  and  very  dilute  zinc  sulphate  (specific 
gravity  1.04)*  as  the  electrolytes,  and  the  Weston  cell  without 
cadmium  sulphate  crystals,  have  electromotive  forces  very  nearly 
independent  of  temperatiu"e.  They  may  therefore  be  classed 
under  this  head. 

Another  case  in  point  is  the  purely  physical  transformation  of 
the  potential  energy  of  gravity  into  the  energy  of  electric  transfer. 
The  Des  Coudres'  cell,'  consisting  of  two  mercury  colimins  of  differ- 
ent height,  joined  by  a  solution  of  merciU"ous  nitrate,  the  longer 
column  being  retained  in  position  by  a  porous  diaphragm,  is  another 
illustration  of  case  one.  The  measurement  of  the  emf  in  this 
arrangement  is  not  very  satisfactory,  but  the  results  are  of  the  same 
order  of  magnitude  as  the  calculated  values.  A  single  example 
will  suffice. 

The  difference  between  the  meastired  heights  of  the  columns  was 
141. 1  cm.  Then,  when  i  gram  equivalent  (200  g)  of  mercurous 
mercury  is  transferred  electrolytically  from  the  one  elevation  to 
the  other,  the  decrease  in  potential  energy  is  141.1  X  200X980  = 
27655600    ergs  =  2.76556    joules.     The    corresponding    emf    is 

—^-- =0.0000286  volt:  the  measured  value  was  0.000030. 
96530 

Second.  H  has  a  constant  value.  The  general  equation  above 
gives  A  _zj  "^  "x"*    ^y  integration  In  (i4-//)=lnT'  +  lna  =  ln  aT. 

Whence  A—H  =  aT.  Since  a  is  the  constant  of  integration,  A—H 
is  proportional  to  the  absolute  temperature  T  and  dAjdT  =^a.  It 
appears,  therefore,  that  when  dA/dT  or  dE/dT  is  a  constant,  H  is 
either  zero  or  has  a  constant  value.     Illustrations  will  follow  later. 

^  Helmholtz:  Sitzungsber,  Ber.  Akad.,  pp.  22-39;  1882. 
^  Wied.  Ann.,  46,  p.  292;  1892. 
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Third.  A  =0,  and  H=  -T  dA/dT.  This  condition  can  obtain 
only  at  some  definite  point  of  temperature  where  A  passes  through 
a  zero  value.  Examples  are  several  cases  of  transition,  such  as 
ZnS0^,7  Hfi  into  ZnS0^,6  //,0  at  39°,  and  white  tin  into  gray  tin 
at  20^.  At  the  transition  temperature  the  two  phases  are  in 
equihbrium,  like  water  and  ice  at  0°,  and  there  is  no  free  energy. 
But  at  the  transition  point  dA  /dT  may  be  large,  and  H=^  —TdA  /dT. 

Fomth.  As  a  fomth  case  we  may  include  Nemst's  recent  modi- 
fication of  the  general  equation.  Nemst '  assumes  the  following 
empirical  expressions  for  A  and  H  in  terms  of  the  integral  powers 
of  the  absolute  temperatiu"e : 

From  the  general  thermodynamic  equation,  when  T =0,  Ao  =  //©; 
hence 

^—--^~  =  (a' -a)  -^(b' -b)T  +  (c' -c)T'  =  a'  +  2b'T  +  3c'T^' 
Whence  a'  =a'  —  a,  or  a  =  o;  26' =6'  — 6,  or  6'=  —6;  3c'=c'— c,  or 

c'  =  -  yic. 

Finally,  then, 

Since  the  same  constants  now  appear  in  both  equations,  the  a'  may 
be  replaced  by  a. 

When  the  constants  6  and  c  are  zero,  the  expression  for  A  reduces 
to  the  simpler  one  containing  only  the  first  power  of  T,  /I  —  //  =  aT, 
and  dA/dT=a,  a  constant  as  in  case  two,  or  the  relation  between 

A  and  T  is  a  linear  one. 

dA 
Nemst  assumes  without  sufficient  justification  that  both  -p=; 

dH 
and  ^  are  zero  when  T  is  zero.    The  equations  above  show 

dA 
that  J7^=«  when  T=o;  hence  the  term  aT  in  the  expansion  for 

A  is  not  zero  as  Nemst  has  it.     If  it  were  zero,  the  expression 
for  A  would  exclude  the  case  of  concentration  cells,  in  which  A 

'  Thermodynamics  and  Chemistry,  Sitzungsber.  Berl.  Akad. ;  1909. 
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is  proportional  to  the  absolute  temperature  (for  very  dilute  solu- 
tions) ,  or  is  equal  to  a  constant  H  plus  a  term  proportional  to  the 
first  power  of  the  absolute  temperatiire. 

The  same  conclusion  may  be  reached  by  a  different  demonstra- 
tion, assuming  only  the  one  expansion, 

dA 
The  general  equation  A^H  +  T-p^  gives  AdT  —  TdA^HdT,  or 

TdA-AdT        H  _     ^  ^        ^. 
~ ==  -  Y^'^^'     Iiitegratmg, 

^  =  y^  +  a'-alnT-6r->^cr«,orA=Ho  +  a'T-arinr-6T» 


->^cT». 


dA 


Then  ^  =  a'-a  InT- a-2bT-^c'r. 

dT  2 

If  now  this  expression  for  A  is  generally  true,  it  must  be  true 
when  dA/dT  is  a  constant.  But  in  case  two  it  was  shown  that 
dA/dT  is  a  constant  when  dH/dT  is  zero  for  T=o,  as  in  the  last 
solution.  Hence  a  in  the  expressions  above  for  both  A  and  H  is 
zero,  and  the  two  reduce  as  before  to 

A^Ao  +  a'T-bT^-HcT^- 

The  reader  will  note  that  these  demonstrations  show  only  that 
while  the  coefficient  of  T  in  the  expansion  for  H  is  always  zero, 
it  is  not  necessarily  zero  in  the  expansion  for  A . 

THE  EVIDENCE  OF  EXPERIMENT 

It  would  appear  antecedently  probable  that  a  concentration  cell 
such  as  Zn  atrial,  cone.  \  ZnSO^  solution  \  Zn  amal.  dil.  (where  the 
dilute  amalgam  at  least  must  be  of  a  lower  concentration  than 
that  corresponding  to  a  sattu-ated  or  two-phase  condition)  should 
have  constant  heat  of  dilution  for  the  two  amalgams ;  or,  in  other 
words,  H  should  be  constant.  This  proves  to  be  true,  for  the 
emf  as  a  function  of  the  temperature  is  Unear. 
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For  two  amalgams  with  a  concentration  ratio  by  weight  equal 
to  two,  the  per  cent  of  zinc  in  the  more  concentrated  amalgam 
being  approximately  1.2,  the  equation  representing  the  emf  was 
found  to  be 

E=  —0.001455 -1-0.00003084  T. 

For  the  centigrade  scale  this  is  equivalent  to 

£1=0.006964(1  -1-0.00443  0» 

I    dE 
The  constant  0.00443  is  the  temperature  coefficient  w  -pf^.     It  is 

much  larger  than  the  temperature  coefficient  of  a  perfect  gas. 

In  the  following  table  are  the  observed  values  of  the  emf 
compared  with  those  computed  by  the  first  equation : 


Ttinp. 

Obcemf 

Comp.  onf 

11?1 

0.007300 

0.007307 

+0.10 

15  ?4 

7444 

7439 

-  .07 

19?8 

7574 

7575 

+  .01 

24  ?6 

7720 

7723 

+  .04 

29?4 

7870 

7871 

-f  .01 

32  ?8 

7983 

7976 

-  .09 

36?6 

8086 

8094 

-f  .10 

42  ?0 

8262 

8259 

-  .04 

47  ?0 

8417 

8414 

-  .04 

The  greatest  difference  between  the  observed  and  the  computed 
values  is  0.008  millivolt.  The  experimental  cell  was  placed  in  a 
large  water  bath  with  double  walls,  and  a  stirrer  driven  by  an 
electric  motor  was  used  to  insure  equal  temperatures  of  the  two 
legs  of  the  cell.  The  emf  was  measured  by  a  Wolff's  potenti- 
ometer and  a  Weston  Normal  cell. 

The  cell  was  then  taken  apart,  the  amalgams  washed,  and  the 
cell  was  again  assembled  with  a  concentrated  solution  of  ZnCl^ 
as  the  electrolyte.  The  observations  are  best  represented  by  the 
same  linear  equation  as  the  one  applying  to  the  ZnSO^.  Both 
the  heat  of  dilution  of  the  amalgams  and  the  temperature  coeffi- 
cient, therefore,  remain  tmchanged  when  the  anion  CI  replaces 


48o 


Bulletin  of  the  Bureau  of  Standards 


[Vol  7 ^  No.  3 


the  anion  SO^.    The  observed  and  computed  values  are  com- 
pared in  the  table. 


Ttinp. 

Ob8.6mf 

Conip.  enf 

10?1 

0.007275 

0.007276 

+0.01 

14?9 

7424 

7424 

.00 

19  ?6 

7567 

7569 

+  .03 

25  ?3 

7733 

7744 

+  .14 

32?1 

7943 

7954 

+  .14 

37  ?3 

8106 

8114 

+  .10 

41  ?8 

8256 

8253 

-  .04 

47  ?9 

8460 

8441 

-  .22 

49?3 

8486 

8485 

-  .01 

In  the  diagram  Fig.  i  the  circles  denote  the  observations  for 
ZnSOi  and  the  crosses  those  for  ZnClf 


M.V. 

.6 

.4 
.2 
&0 
.8 
.6 
.4 

^ 

- 

, 

- 

■^ 

• 

J 

^ 

^ 

1 

.2 

7.0 

10' 


20* 


30-^ 
Fig.  1 


40' 


50* 


Since  the  equation  representing  the  emf  is  linear,  it  follows  that 
dE/dT  is  a  constant.  The  constancy  of  dE/dT  may  be  shown  in 
another  manner.     From  the  Helmholtz  equation  and  the  constant 

fi-t,    1    4.          4r'       ^^    E +  0.001455 
of  the  last  equation,  jj«  = j^ — -^— ^" 
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'"''dT~ 

248.1 

—  U.UUU«^^V.K}^ 

i5?4 

3085 

I9?8 

3083 

24?6 

3083 

29?4 

3083 

32?8 

3086 

36?6 

3082 

42  ?o 

3085 

47  ?o 

Mean 

3085 

0.00003084 

Cady*  measured  the  emf  of  a  sodium  amalgam  cell  with  the 
amalgams  in  a  solution  of  Nal  in  pyridin.  He  assumed  the  cor- 
rectness of  the  formula  in  the  Nemst  form  for  the  emf  of  the  cell 

/» 
as  0.0002  T  log  —,  in  which  the  ratio  of  the  concentrations  replaces 

that  of  the  osmotic  pressures  of  the  sodium  in  the  amalgams. 
From  his  data  the  following  values  have  been  calculated : 

p^j.    o  dE    0.0648  -  0.03     ^ 


^  'df^ 

277 

—  ^U.UUUlii^U 

7° 

1264 

9° 

1262 

19° 

1260 

22° 

Mean 

1264 

O.OOOI26I 

The  constant  0.03  was  the  difference  between  the  observed 
electromotive  forces  and  those  calctdated  from  the  Nemst  formula. 
This  constant  is  evidently  too  large.  Calculating  it  by  the  Helm- 
holtz  equation  for  7*^,  for  example,  it  is  0.0265.  Then,  substi- 
tuting this  in  place  of  0.03  in  the  equation  for  dE/dT,  the  result- 
ing value  is  0.0001384.  Again  correcting  the  heat  of  dilution  by 
this  new  approximate  value  of  dE/dT,  the  emf  due  to  the  heat  of 
dilution  comes  out  0.02665.     The  substitution  of  this  value  in 

*  J.  Phys.  Chem.,  2;  1898. 
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place  of  0.03  in  the  Helmholtz  equation  to  determine  dE/dT  gives 
as  the  mean  value  0.000 1 381.  This  is  materially  larger  than 
Cady*s  value  from  the  same  data. 

The  equation  for  the  emf  is  accordingly 

£^=0.02665+0.0001381  T. 

The  observed  and  computed  values  are  the  following: 


Temp. 

Ob«.«iiil 

C0llip.Mllf 

Per  cent  dlfleience 

4** 

0.0648 

0.06480 

0.0 

70 

654 

6532 

-.12 

90 

656 

6559 

-.02 

IQO 

668 

6698 

+.25 

220 

673 

6729 

—.02 

The  heat  of  dilution  of  the  sodium  amalgam  with  mercury,  com- 
puted from  the  equation  for  E,  is  612.9  calories  per  gram  mole- 
cule. 

The  following  examples  have  been  calculated  from  data  given 
by  Richards  (Carnegie  Institution  of  Washington,  PubUcation 
No.  118): 

Thallium,  per  cent  of  metal  in  the  denser  amalgam,  0.41. 

^         o  dE    0.031543 -0.0018 1 3 

For   o^:pf;  =  —        \.^^ ^=0.0001089 


15 


30' 


dT  273 

0.033166  —0.0018 1 3 
283 

0.034810  — 0.0018 13 
303 


=0.0001089 


=  0.0001089 


Thallium,  per  cent  of  metal  in  denser  amalgam,  o.iii. 

-^  o  dE    0.016360  —  0.000436 

For    0°,  j^  ^ —  -z^^ =0.00005833 


15 


30' 


dT  273 

0.017238  —0.000436 

288 

0.018110—0.000436 
303 


=0.00005833 


=0.00005833 
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The  linear  equations  for  these  two  cases  are : 

£=0.001813+0.0001089  T. 

E = 0.000436  +  0.00005833  T, 

The  heat  of  dilution  and  the  temperature  coeflBcient  are  constant 
in  both  cases;  both  therefore  negative  the  h5rpothesis  of  Nemst 
that  the  coefficient  of  T  in  the  expression  for  A  (or  E)  is  zero. 
The  relation  between  the  emf  and  the  temperature  in  all  these 
amalgams  is  a  ptu-ely  linear  one.  The  range  of  temperatures  must 
be  restricted  to  limits  within  which  there  is  no  change  of  phase  in 
the  materials  composing  the  cell. 

In  addition  to  the  cell  with  zinc  amalgams  the  writer  finds  also 
that  a  concentration  cell  composed  of  cadmium  amalgams  and 
cadmiimi  sulphate  has  an  emf  following  the  linear  relation.  The 
two  amalgams  had  concentrations  of  approximately  2  per  cent 
and  0.783  per  cent.  The  following  are  the  measured  emf's  com- 
pared with  those  computed  by  the  equation 

£=  —0.000219 +0.00003915  T: 


Temp. 

Obcemf 

CoxQp.  emf 

Per  cent  difference 

10?05 

0.010862 

0.010862 

0.0 

15?10 

11063 

11060 

-  .03 

18?42 

11190 

11190 

.0 

22?  10 

11336 

11334 

-  .02 

26?80 

11517 

11518 

+  .01 

33?40 

11773 

11776 

+  .03 

38?00 

11942 

11956 

+  .12 

43?20 

12160 

12160 

0.0 

The  heat  of  dilution  comes  out  a  small  negative  quantity  of  - 10 
calories  per  gram  molecule  of  cadmium.  The  observations  are 
plotted  in  Fig.  2,  the  straight  line  representing  the  equation  for  E. 
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THE  SECOND  TERM  OF  THE  HELMHOLTZ  EQUATION 

The  term  T  dEjdT,  in  cases  where  there  is  no  change  of  phase  in 
the  materials,  is  a  purely  electrolytic  thermoelectromotive  force, 
which  is  very  approximately  Unear.  To  illustrate  this  feature  as 
appUed  to  concentration  cells,  two  amalgams  were  made  by 
weighing  out  masses  of  mercury  as  one  to  two  and  depositing  in 
them  electrically  the  same  quantity  of  zinc.  The  weight  of  zinc 
deposited  was  o.6  and  1.2  per  cent,  respectively,  of  the  weight  of 
mercury.  The  concentration  cell  set  up  with  these  amalgams  and 
a  dense  solution  of  zinc  sulphate  gave  the  following  electromotive 
forces  at  the  temperattu^s  indicated : 


Tonp. 

Obcemf 

CQmp.Miif 

10?70 

0.007320 

0.007319 

14?13 

7420 

7420 

19?62 

7572 

7581 

24?20 

7713 

7716 

26?2S 

7785 

7776 

31?60 

7940 

7933 

36?80 

8086 

8086 

39?00 

8146 

8151 

Equation : 


£=  —0.001022  +0.0000294  ^' 
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The  corresponding  heat  of  dilution  of  the  two  amalgams  is  —47 
calories  per  gram  molecule. 

To  measure  the  electrolytic  thermoelectromotive  force  of  the 
two  amalgams,  the  two  legs  of  the  H-form  of  cell,  identical  in 
every  respect  as  far  as  possible,  were  immersed  in  baths,  one  con- 
taining mixed  ice  and  water,  and  the  other  water,  the  temperature 
of  which  was  varied.  The  entire  cell,  except  the  short  portion 
connecting  the  side  tubes,  was  immersed.  The  results  are  the 
following : 

Themiodectromotive  Force  for  the  More  Dilute  Amalgam 


Temp. 

Ob8.«iiil 

Ou&p.  omf 

10?30 

0.01077 

0.01077 

15?40 

1611 

1611 

20?47 

2140 

2141 

25?60 

2676 

2678 

31?10 

3251 

3253 

36?80 

3852 

3849 

40?20 

4214 

4205 

Equation : 


£1—0.001046  /. 


Themioelectromotive  Force  for  the  More  Concentrated  Amalgam 


Teinp. 

Ob8.«iiil 

Comp.  omf 

9?41 

0.00956 

0.00957 

14?75 

1496 

1500 

19?65 

1996 

1998 

25?05 

2542 

2547 

30?60 

3110 

3112 

35?20 

3582 

3580 

39?30 

4000 

3993 

Equation : 


Then 


dE    Ei—Ei 
dT^      t 


E3 =0.001017  t, 
=0.001046 —o.ooioi  7  =0.0000290. 
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Compare  this  with  the  value  measured  directly,  namely, 
0.0000294.  The  three  tables  are  plotted  in  Fig.  3,  with  the  scale 
for  E  on  the  left,  and  that  for  E^  and  £,  on  the  right. 
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Fig.  3 

The  thermoelectromotive  force  is  directed  from  the  solution  to 
the  amalgam,  and  it  increases  as  the  dilution  of  the  amalgam 
increases.  In  other  words,  the  electrolytic  thermoelectromotive 
force  is  a  ftmction  of  the  concentration  as  well  as  of  the  tempera- 
ture. Hence,  the  resulting  emf  of  the  cell  is  in  favor  of  the  dilute 
amalgam,  which  is  thus  the  cathode  of  the  cell.  If  the  heat  of 
dilution  is  positive,  the  emf  derived  from  it  is  in  the  same  direc- 
tion as  the  emf  resulting  from  the  two  thermoelectromotive  forces; 
if  the  heat  of  dilution  is  negative,  the  corresponding  emf  is  opposed. 

The  passage  of  a  current  through  a  concentration  cell  not  only 
reduces  the  difference  in  concentration  of  the  amalgam  electrodes, 
but  it  tends  to  produce  a  temperature  difference  between  them. 
At  the  anode  the  current  encounters  a  back  emf  and  heat  is  gen- 
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erated;  at  the  cathode  the  thennoelectromotive  force  has  the  same 
direction  as  the  current,  and  heat  is  absorbed.  When  the  differ- 
ence in  concentration  is  entirely  in  the  amalgam  electrodes,  the 
heat  absorbed  is  greater  than  the  heat  generated,  and  such  a  cell 
converts  its  own  heat  and  that  of  the  surroundings  into  the  energy 
of  the  electric  current.  It  can  not  do  so  continuously,  because 
its  current  reduces  the  difference  of  concentration  on  which  the 
emf  depends. 

When  the  difference  in  concentration  is  in  the  electrolyte  sur- 
rounding the  electrodes,  cases  occur  of  positive  heat  of  dilution 
and  a  negative  temperature  coefficient.  An  example  is  the 
following : 

Zn  I  ZnC/,.  18.8  H/)  \  ZnC/,.  180  H^O  |  Zn 
The  quantity  dE/dT  for  this  cell*  is— 0.0000973;  the  heat  of  dilu- 
tion is  4530  calories  per  gram  molecule  (Thomsen) .    The  computed 
emf  would  be — 

emf  due  to  heat  of  dilution,        — --  —         =     o.  0083 1 

2x23040  ^  ^ 

dE 
emf  at  25°  equal  to  T-p=  =  —  298  X  0.0000973  =  —  o.  02900 

J?=«     0.06931 

The  mean  observed  eraf  at  25°  was  0.06719  volt. 

This  concentration  cell  is  precisely  like  a  voltaic  cell  with  a  nega- 
tive temperature  coefficient.  Its  energy  is  derived  from  the  heat 
of  dilution,  and  it  is  difficult  to  see  how  the  Nemst  formula  for 
the  emf  of  a  concentration  cell  can  have  any  application  what- 
ever to  it. 

Since  the  relation  between  the  thennoelectromotive  forces  of 
the  above  amalgams  and  the  temperature  is  a  Unear  one,  the 
potential  difference  at  the  liquid-amalgam  junctions  may  be  com- 
puted from  the  expression  TdE/dT.  Thus,  the  potential  differ- 
ence between  the  zinc  sulphate  solution  and  the  dilute  amalgam 
(0.6  per  cent)  at  27°  is 

0.001046X300=0.3138  volt. 

For  the  concentrated  amalgam  (1.2  per  cent)  it  is 

0.001017X300=0.3051  volt. 

•Phys.  Rev.,  29,  p.  329;  1909. 
83226° — 1 1 12 
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Then  the  emf  of  the  concentration  cell  composed  of  the  two 
amalgams  and  the  zinc  sulphate  as  electrolyte,  owing  to  the 
thermoelectromotive  forces  at  27°,  is 

0.3138— 0.3051  =0.0087  volt. 
But  there  is  a  loss  on  account  of  the  negative  heat  of  dilution 
equal  to  about  o.ooi  volt.     Hence 

£^=0.0087— 0.0010=0.0077  volt. 
The  measured  value  was  0.0078  volt. 

A  COMPOSITB  CONCENTRATION  CELL 

A  concentration  cell,  in  which  the  difference  in  concentration 
is  entirely  in  the  two  electrolytes  bathing  the  electrodes,  may  be 
combined  with  one  in  which  the  concentration  difference  is  in  the 
amalgam  electrodes  in  such  a  manner  that  the  complete  cell  may 
have  zero  temperature  coefficient,  and  thus  come  under  case  one 
of  the  general  equation. 

For  example,  the  cell 

Zn  amaL  \  ZnSO 4.50  H^O  \  ZnSO 4.1^0  H^O  \  Zn  amal. 

has  an  emf  represented  approximately  by  the  equation 

£3=0.001527+0.00003084  T, 

The  positive  is  the  electrode  in  the  more  concentrated  solution. 

If  this  cell  be  combined  with  the  one  whose  equation  was  found 

to  be 

El  =  -0.001455  +0.00003084  T 

with  the  dilute  solution  in  contact  with  the  dilute  zinc  amalgam, 
the  resulting  emf  of  the  combination  will  be  the  difference  between 
the  two  equations  representing  the  two  components  of  the  com- 
posite cell.     Then 

£,  =  +0.001527+0.00003084  T 
£1=  —0.001455+0.00003084  T 


E  =     0.002982+0.0 
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The  results  of  a  single  trial  of  such  a  cell  are  shown  in  Fig.  4. 
The  amalgams  were  the  same  as  those  used  in  getting  the  data 
for  Fig.  I .  The  equilibrium  of  the  cell  was  rather  imcertain  and 
was  easily  disturbed  by  a  jar. 


dE 
dT 


FOR  THE  CALOMEL  CELL 


The  analysis  of  the  temperature  coefficient  already  applied  to 
the  amalgams  of  a  concentration  cell  (Fig.  3)  is  equally  successful 
when  applied  to  the  calomel  cell.  The  following  measurements  of 
electrolytic  thermoelectromotive  forces  were  made  by  the  writer 
many  years  ago  by  means  of  an  extemporized  potentiometer, 
which  permitted  direct  measurements  to  one  ten-thousandth  volt 
only.  The  density  of  the  zinc  chloride  solution  was  i  .395  g  per 
cm'^  at  15°,  and  metallic  zinc  wire  was  used  as  the  zinc  elec- 
trode. One  electrode  was  kept  in  an  ice  bath  while  the  tempera- 
ture of  the  other  was  raised  by  short  steps. 

A,     Zn  I  ZnClz  I  Zn 


Temp. 

Obs.emf 

Coxnp.  0inf 

Difference 

8?1 

0.00490 

0.00478 

-12 

10?5 

612 

608 

-  4 

12  ?3 

750 

726 

-24 

17?7 

1040 

1044 

+  4 

22  ?2 

1301 

1310 

+  9 

25  ?8 

1499 

1522 

+23 

28?6 

1668 

1687 

+19 

32?1 

1913 

1894 

-19 

34?5 

2050 

2036 

-14 

39?1 

2295 

2307 

+12 

I 


490 


Btdletin  of  the  Bureau  of  Standards 


{Vol  7.  No,  3 


The  mercury  electrode  was  then  subjected  to  the  same  treat- 
ment with  the  following  results: 

B,     Hg  I  HgCl  \  ZnCl^  \  HgCl  \  Hg 


Temp. 

OtM.eiiif 

Cflnip.  emf 

DifleieiiM 

7?1 

0.00517 

0.00486 

-31 

10?6 

730 

726 

-  4 

12?9 

882 

884 

+  2 

W?5 

1125 

1130 

+  5 

19?8 

1358 

1356 

-  2 

22?8 

1561 

1562 

+  1 

2S?3 

1729 

1733 

+  4 

27?9 

1928 

1911 

-17 

31  ?8 

2170 

2178 

+  8 

34?1 

2340 

2336 

-  4 

36?8 

2554 

2521 

-33 

For  A,  El  =0.000590  /;  for  5,  £,  =0.000685  t.     Whence  for  this 

calomel  cell 

dE    E2  —  El 

3^  =  -^-^ =0.000095. 

The  table  following  shows  the  observed  emf  s  compared  with 
those  computed  from  the  equation 

jE  =  1.0005 +0.000095  ('"15°) 
up  to  about  35°;  for  higher  temperatures  the  observed  values 
exceed  the  computed  ones,  perhaps  because  of  the  increased  solu- 
bility of  the  calomel  at  those  temperatures. 


Temp. 

Obs.emf 

Cemp.  emf 

10?0 

1.0001 

1.00003 

15  ?0 

1.0005 

1.00050 

17  ?2 

1.0007 

1.00071 

20?4 

1.0010 

1.00101 

23  ?7 

1.0013 

1.00133 

26?7 

1.0016 

1.00161 

30?2 

1.0020 

1.00194 

36  ?4 

1.0025 

1.00253 
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The  results  are  plotted  in  Fig.  5.  The  inclined  line  at  the  bot- 
tom marked  E  is  drawn  from  the  above  equation  and  passes  through 
9°. 75,  where  the  emf  of  the  cell  is  i  volt.  The  observed  emf's  are 
plotted  along  this  line. 
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Fig.  5 


A  PAIR  OF  CALOMEL  CELLS  WITH  CONSTANT  EMF 

The  change  of  emf  of  the  calomel  cell  with  temperature  is  about 
o.i  miUivolt  per  degree  and  positive.  The  thermoelectromotive 
force  at  the  mercury-mercurous  chloride  surface  is  thus  higher  than 
at  the  surface  of  the  zinc. 

Since  the  thermoelectromotive  force  between  zinc  sulphate  and 
zinc  amalgam  increases  as  the  concentration  of  the  amalgam 
decreases,  it  is  apparent  that  a  calomel  cell  with  a  negative  tem- 
perature coefficient  is  possible.  Moreover,  if  the  dilution  of  the 
amalgam  produces  a  sufficient  range  in  the  thermoelectromotive 
force  at  its  surface,  it  should  be  possible  to  make  a  calomel  cell 
with  a  negative  change  of  emf  equal  to  o.i  millivolt  per  degree. 
Such  a  cell  in  series  with  one  set  up  with  10  per  cent  zinc  amalgam 
would  give  a  combined  emf  independent  of  temperature,  at  least 
over  a  range  of  25  or  30  degrees. 
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A  trial  was  made  with  a  three-legged  cell.  One  outer  leg  con- 
tained a  lo  per  cent  zinc  amalgam,  the  other  an  amalgam  with 
about  0.8  per  cent  zinc;  in  the  middle  leg  was  placed  mercury 
covered  with  mercurous  chloride.  The  electrol)^e  was  a  solution 
of  ZnCli,  specific  gravity  i  .4.  The  cell  was  placed  in  a  water  bath 
and  the  potential  difference  between  the  two  amalgams  and  the 
mercury  as  the  positive  electrode  was  measiu"ed  at  several  tempera- 
tures. Let  El  denote  the  emf  of  the  cell  with  the  10  per  cent 
amalgam  and  £,  the  other.  A  series  of  measurements  is  given  in 
the  following  table : 


Temp. 

El 

Et 

Ei+Ei 

Ei-Et 

33  ?3 

• 

0.99693 

0.96456 

1.98149 

0.01237 

30?0 

.99665 

.98497 

1.98162 

.01168 

26  ?3 

.99622 

.98528 

1.98150 

.01094 

22  ?3 

.99579 

.98571 

1.98150 

.01008 

18?9 

.99545 

.98604 

1.98149 

.00941 

14?2 

.99497 

.98655 

1.98152 

.00842 

9?4 

.99449 

.98709 

1.98158 

.00740 

These  measurements  were  made  within  a  period  of  two  hours  and 
the  values  correspond,  therefore,  to  somewhat  rapid  changes  of 
temperature.  Nevertheless,  £^+£2  remains  nearly  constant. 
The  value  of  d£Jdt  is  fairly  represented  by  0.000103  and  d£Jdt 
by  —  0.000 1 03 .  If  £1  —  jE,  be  denoted  by  £,  then  d£/dt  =  0.000206. 
The  relation  of  these  ratios  to  one  another  and  to  £1  -f  £2  is  shown 
graphically  in  Fig.  6. 

SUMMARY 

1 .  The  general  thermodynamic  equation  shows  that  when  H  is 
either  zero  or  a  constant,  dA/dT  is  constant  and  A^H  -\-aT, 

2.  A  discussion  of  the  expressions  for  A  and  H  proposed  by 
Nemst  demonstrates  that  the  term  depending  on  the  first  power 
of  T  is  not  necessarily  zero  for  A ,  as  Nemst  assumes  it  to  be. 

3.  Concentration  cells  composed  of  zinc  amalgams  and  either 
zinc  sulphate  or  zinc  chloride  solutions,  and  cadmium  amalgams 
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and  cadmium  sulphate  solution,  show  a  linear  relation  between 
their  emf  and  temperature.  This  fact  is  contrary  to  Nemst*s 
hypothesis. 

4.  dE/dT  for  these  cells,  and  for  others  investigated  by  Richards, 
is  a  constant  for  each  combination.  H  also  is  therefore  constant 
and  may  be  readily  calculated  from  the  Helmholtz  equation  for  E. 

5.  The  electrolytic  thermoelectromotive  force  for  zinc  amalgams 
in  contact  with  a  solution  of  a  salt  of  zinc  is  proportional  to  the 
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temperature.  In  this  instance,  so  long  as  there  is  no  change  of 
phase,  H  is  zero  and  E—aT.  When  H  is  known  for  any  two 
amalgams,  the  emf  of  the  corresponding  concentration  cell  may  be 
calculated  from  H  and  the  two  thermoelectromotive  forces. 

6.  By  opposing  the  value  of  dE/dT  for  the  amalgams  by  an  equal 
and  opposite  value  of  dE/dT  arising  from  a  diiBference  in  the  con- 
centration of  the  electrolyte  at  the  two  electrodes,  it  is  possible  to 
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make  a  concentration  cell  independent  of  temperature.  Its  emf 
is  derived  entirely  from  the  heat  of  dilution  of  the  amalgams  and 
of  the  electrolytes. 

7.  dE/dT  for  the  calomel  cell  is  positive,  and  is  shown  to  be 
dependent  on  the  diflference  between  the  thermoelectromotive 
forces  at  the  two  electrodes.  By  taking  advantage  of  the  fact  that 
electrolytic  thermoelectromotive  forces  vary  with  the  concentra- 
tion of  amalgams,  it  is  found  possible  to  make  a  calomel  cell  with 
a  negative  temperature  coefficient,  ntunerically  equal  to  that  of 
the  normal  calomel  cell,  so  that  when  the  two  are  connected  in 
series  their  combined  emf  is  practically  constant  and  independent 
of  temperature  over  a  range  of  25  or  30  degrees. 

The  writer  takes  this  opportunity  to  express  to  the  Director  of 
the  Bureau  of  Standards  his  appreciation  of  the  courtesies  extended 
dining  the  past  few  months,  and  his  thanks  for  the  privilege  of 
carrying  out  the  investigation  described  in  this  paper. 

Washington,  May  7,  191 1. 
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INTRODUCTION 

The  phenomenon  of  residual  charges  has  long  been  observed 
and  studied.  The  subject  has  been  approached  both  by  direct 
measurement  of  the  quantity  of  electricity  which  appears,  with 
the  end  in  view  of  determining  the  laws  governing  its  formation, 
and  indirectly  by  measurement  of  the  energy  loss  in  dielectrics 
which  exhibit  this  anomalous  behavior. 
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To  account  for  these  evidences  of  a  departure  from  the  law  of 
an  ideal  dielectric  (according  to  which  the  charge  at  every  moment 
is  proportional  to  the  instantaneous  value  of  the  impressed  voltage) 
a  number  of  theories  of  quite  varied  nature  have  been  proposed, 
the  most  important  of  which  will  be  considered  below.  Some  of 
these  are  in  qualitative  agreement  with  the  observed  facts,  but 
are  at  variance  as  regards  the  magnitude  of  the  deviations  from  a 
perfect  dielectric,  while  others  give  equations  too  complicated  to 
admit  of  quantitative  verification.  Further,  the  great  mass  of 
the  existing  data  refers  to  measurements  with  a  steady  emf ,  and 
imder  such  a  variety  of  conditions  as  regards  temperature,  length 
of  charge,  length  of  discharge,  and  previous  treatment,  as  to  render 
the  task  of  deciding  for  or  against  any  given  theory  well-nigh 
impossible. 

With  the  emplojmient  of  alternating  current  in  the  measure- 
ments a  great  simplification  is  gained^  and  at  the  same  time  a 
high  degree  of  accuracy  is  attained.  For,  the  condenser  being 
regularly  and  rapidly  carried  through  a  definite  cycle  of  charging 
and  discharging,  almost  instantly  reaches  a  condition  of  equilib- 
rium, a  condition  not  readily  attained  in  measurements  with  a 
steady  emf. 

In  view  of  these  considerations,  and  following  the  development 
at  the  Bureau  of  Standards,  of  accurate  and  rapid  methods  for 
determining  the  loss  of  energy  in  a  condenser,  simultaneously  with 
the  measurement  of  the  capacity,  it  was  suggested  to  the  author 
by  Prof.  Rosa,  that  an  investigation  of  the  change  of  capacity 
and  absorption  of  condensers  in  which  these  changes  are  relatively 
large  (for  example,  those  emplo3dng  paraffined  paper  as  a  dielec- 
tric) might  throw  some  light  on  the  points  at  issue. 

As  originally  projected,  the  work  was  to  include,  first  of  all,  an 
examination  of  a  ntunber  of  commercial  condensers  already  at 
hand,  to  be  followed  by  the  construction  and  measurement  of 
condensers  prepared  imder  definite  specifications,  to  test  the  effect 
of  variations  in  the  method  of  construction  on  the  behavior  of  the 
completed  condenser. 

Only  the  first  part  of  this  plan  has  been  carried  out.  In  October 
to  December,  1906,  a  series  of  measurements  at  two  frequencies, 
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33  and  100  cycles  per  second,  was  made  on  1 2  different  condensers, 
and  at  temperatures  ranging  from  10®  to  35®  in  steps  of  5**.  This 
work  was  extended  to  other  frequencies  in  July,  1907,  the  same 
condensers,  together  with  one  added  to  the  previous  liA,  being 
measured  at  100,  300,  600,  and  900  to  1000  cycles,  the  measure- 
ments at  100  cycles  having  been  repeated  to  connect  with  the 
previous  work.  Owing  to  lack  of  time,  only  three  temperatures, 
15®,  25®,  and  35°  could  be  included  in  the  last  set.  The  work  was 
interrupted  at  this  point  by  the  absence  of  the  author  from  the 
Bureau,  and  following  his  return,  other  more  pressing  work  has 
intervened  to  prevent  the  completion  of  the  original  plan.  It  has 
seemed,  therefore,  best  to  present  without  further  delay,  the  re- 
sults of  the  work  already  completed,  together  with  such  points 
of  theoretical  interest  as  have  presented  themselves  in  the  dis- 
cussion of  the  observations. 

The  first  part  of  the  present  paper  is  accordingly  devoted  to  a 
description  of  the  method  of  measurement  and  the  results  of  the 
observations,  while  the  latter  part  deals  with  the  theories  of 
absorption,  and  a  comparison  of  the  observed  facts  with  the 
theoretical  requirements. 

L  MEASUREMENTS 

Only  in  a  condenser  having  a  perfect  dielectric,  i.  e.,  one  which 
is  free  from  absorption  and  whose  leads  and  plates  have  a  neg- 
ligibly small  resistance,  does  the  difference  of  phase  between  the 
current  in  the  condenser  and  the  sinusoidal  emf  impressed  upon 
it  equal  the  value  of  90°  required  by  theory.  In  all  condensers 
which  show  the  phenomenon  of  the  formation  of  residual  charge, 
the  angle  of  advance  of  the  current  with  respect  to  the  impressed 
emf  falls  short  of  90°  by  an  angle  ^  whose  sine  is  a  measure  of 
the  energy  dissipated  in  the  condenser.  This  angle,  which  is 
usually  small,  is  important  for  another  reason.  It  is  found  to  be, 
to  a  large  degree,  a  measure  of  the  relative  magnitude  of  the 
residual  charges  of  the  condenser.  In  what  follows,  the  angle  <f> 
will  be  designated  simply  as  the  pha^e  difference  of  the  condenser. 

For  the  measurement  of  the  phase  difference,  advantage  is 
taken  of  the  fact  that,  to  obtain  a  balance  in  a  Wheatstone  bridge 
in  which  two  of  the  arms  contain  two  condensers  whose  capacities 
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are  being  compared,  two  conditions  must  simultaneously  be  ful- 
filled, (a)  the  potential  differences  over  the  two  condenser  arms 
must  be  equal,  and  (6)  these  electromotive  forces  must  have  the 
same  ph&se.  The  latter  condition  involves  directly  the  difference 
in  magnitude  of  the  phase  difference  of  the  two  condensers. 

This  matter  has  been  considered  in  considerable  detail  in  a  pre- 
vious paper,*  where  a  niunber  of  alternating  current  bridge  methods 
for  obtaining  at  one  and  the  same  time  the  capacity  and  phase 
difference  of  a  condenser,  with  reference  to  those  of  a  standard  were 
discussed,  both  from  a  theoretical  and  a  practical  standpoint. 
It  will  only  be  necessary  here  to  recall  such  of  the  conclusions  and 
formulas  of  the  former  paper  as  are  appUcable  to  the  present 
measurements. 

1.  METHODS 

In  the  earlier  part  of  the  work  (frequencies  33  and  100)  the  Series 
Inductance  Method   (loc.  cit.,  p.  390)  was  employed.     In  this 


Ci,Pi 


NOKSMCLATURS 

R^  and  R^  are  resistances  asso- 
ciated with  the  inductances  L,  and 
L4  of  which  L,  is  variable,  p^  and 
p2  afc  fictitious  resistances  in  series 
with  the  condensers  C|  and  Q 
which  would  produce  the  same 
shift  of  phase  as  the  absorptions 
of  the  condensers. 


Fig.l 

method,  the  difference  in  the  absorptions  of  the  two  condensers  is 
balanced  by  a  variable  inductance  in  one  or  both  of  the  ratio  arms. 
In  accordance  with  previous  experience,  the  condenser  whose  con- 
stants were  to  be  measured,  was  compared  with  the  standard  of 
reference — ^a  condenser  of  known  capacity  and  phase  difference — 
by  substitution,  the  unknown  and  the  standard  being  succes- 
sively balanced  against  an  auxiUary  condenser  C,  (Fig.  i)  whose 
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value  does  not  need  to  be  known,  but  whose  capacity  should  be 
of  the  same  order  of  magnitude  as  those  of  the  other  two  condensers. 
This  procedure  has  the  advantage  of  eliminating  capacity  effects 
between  the  various  parts  of  the  bridge  and  the  ea^h  and  between 
one  another,  which  effects  can  become  a  fruitful  source  of  error  at 
the  higher  frequencies. 

The  conditions  for  balance  of  the  bridge  shown  in  Fig.  i ,  when 
the  substitution  method  is  used,  are 

§i  -^i  +tan  (?»/  -  9»/0{tan  <p,  -^}]     (i) 


9  9 


(2) 


The  correction  term  in  the  formula  for  the  ratio  of  the  capacities 
can  be  made  very  small,  even  in  the  case  of  condensers  with  large 
absorption,  by  so  choosing  L4  and  R^  that  the  angle  of  lag  in  that 
arm  of  the  bridge  approximately  equals  the  phase  difference  of  the 
auxiliary  condenser.  This  is,  however,  not  important,  since  in 
the  case  of  condensers  whose  absorption  is  sufficiently  larg^  to  give 
to  tan  (^/  —  ^/O  an  appreciable  value,  the  capacity  is  always 
observed  to  be  so  susceptible  to  minute  temperature  changes  and 
slight  variations  in  the  frequency  as  to  obscure  the  small  effect 
of  this  correction  term. 

For  example,  with  a  paper  condenser  of  moderately  large  absorp- 
tion, and  with  the  constants  of  the  bridge  used  as  follows: 

/>  =  6oo,    Z^  =  10  millihenrys,    /?4=i2oo,     ^/-^/'  =  3o',   ^,=4' 
the  correction  to  the  capacity  is  only 


tan  3o'|tan  4' 


^      1200 


=  —0.000029 


which  is  practically  negligible  with  such  a  condenser. 

The  later  work  was  carried  out  almost  exclusively  by  means  of 
the  Series  Resistance  Method  (loc.  cit.,  pp.  380,  387),  in  which  the 
difference  in  absorption  is  compensated  by  inserting  resistance  in 
series  with  one  or  both  of  the  condensers.    This  arrangement  was 


500 


Bulletin  of  the  Bureau  of  Standards 


\Vol.r,No.4 


used  as  a  substitution  method  as  in  the  case  of  the  Series  Inductance 
Method. 


NOKSNCLATURS 

R^  and  R4  are  the  resistances  of 
the  ratio  arms.  Q  and  C2  are  con- 
densers whose  fictitious  resistances 
are  pi  and  p2,  and  fp  f2  are  resist- 
ances used  in  balancing  the  differ- 
ences in  the  phase  differences  of 
the  condensers.  The  standard  and 
the  unknown  are  successively  in- 
serted at  C|  and  the  values  of  R^ 
and  f  1  for  balance  are  respectively 
R/\  f/'  and  R/,  r/. 


Fig.  2 


The  conditions  for  balance  are  then  very  approximately 


C/  _  /?, 


// 


C/'     R,' 
tan  iW-W)  -/'C/'(r."-^V.O 


(3) 
(4) 


This  method  has  the  advantages  over  the  preceding  for  work 
with  condensers  of  relatively  large  phase  difference,  that  it  is  much 
easier  to  vary  the  series  resistance  over  a  large  range  (as  is  neces- 
sary when  testing  condensers  whose  phase  differences  cover  a  large 
range  of  values)  than  it  is  to  vary  the  inductance  Lg.  For  instance, 
with  the  condensers  here  examined  it  was  fotmd  to  be  necessary  to 
obtain  values  of  the  inductance  variable  in  rather  small  steps 
between  a  few  millihenrys  up  to  about  i  henry  in  the  case  of  the 
worst  condenser.  With  the  fixed  values  of  inductance  usually 
at  hand  it  becomes  a  tedious  process  to  find  the  combination  of 
fixed  values  which,  taken  together  the  variable  inductance  used, 
will  give  a  balance  of  the  bridge  within  the  range  of  the  variable. 

Some  difficulty  was  experienced  in  the  work  at  the  higher 
frequencies  in  obtaining  trustworthy  values  of  the  phase  differ- 
ences. This  was  found  to  be  due  to  the  fact  that  the  ratio  coils 
were  mounted  in  metal  cases.     Arranged  thus,  the  capacity  of 
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these  coils  with  respect  to  their  surroundings  is  so  large,  that  at 
these  high  frequencies,  even  the  small  differences  in  the  potential 
of  the  galvanometer  terminals  necessitated  by  the  small  difference 
of  resistance  in  the  ratio  arm  when  passing  from  the  standard  to 
the  tmknown  are  sufiBcient  to  materially  change  the  phase  of  the 
current  in  the  arms  of  the  bridge,  and  thus  vitiate  the  value  deter- 
mined for  the  phase  difference.  Evidently  this  effect,  which  is 
negligible  at  the  lower  frequencies,  is  aggravated  by  any  cause 
which  gives  the  resistance  coils  a  larger  capacity,  and  its  magni- 
tude, other  things  being  equal,  will  vary  as  the  absolute  values  of 
the  ratio  arms  are  changed.  Further,  the  fact  that  these  paper 
condensers  had  capacities  varying  more  from  the  values  of  the 
standards  of  comparison  than  is  usual  in  precision  work,  tends  to 
aggravate  this  effect. 

It  was  found,  however,  that  by  using  immoimted  ratio  coils  of 
values  not  greater  than  about  500  to  1000  ohms,  only  the  rela- 
tively small  variable  part  of  the  ratio  arm  being  included  in  a  metal 
case,  the  values  of  the  phase  difference  determined  became  sensibly 
independent  of  the  magnitude  of  the  ratio  arm. 

The  resistances  r,  used  in  the  condenser  arms,  were  usually 
small,  and  were  takeH  from  dial  boxes,  a  slide  wire  in  series  with 
the  latter  enabling  the  changes  in  the  resistances  of  these  arms  to 
be  measured  to  o.ooi  ohm. 

The  effect  of  small  resistances  in  the  leads  becomes  very  im- 
portant in  the  measurement  of  the  phase  differences  of  condensers 
of  I  microfarad  and  greater  at  the  higher  frequencies  used.  For 
example,  a  resistance  of  only  0.02  ohm  in  the  leads  of  a  i -microfarad 
condenser  at  1000  cycles  per  second,  increases  the  measured 
phase  difference  by  26".  The  correction  is  proportional  to  the 
capacity  and  the  frequency.  This  resistance  was  kept  as  small  as 
possible  by  the  use  of  stout  wires  soldered  where  practicable,  and 
the  actual  resistance  external  to  the  condenser  terminals  was  de- 
termined and  corrected  for  in  every  case.  At  the  lower  frequencies 
some  of  the  measturements  were  made  using  a  two-way  key  to 
facilitate  changing  from  the  unknown  to  the  standard.  This  was, 
however,  abandoned  in  all  work  above  100  cycles,  because  of  the 
chance  of  uncertain  contacts  in  the  condenser  arm,  which  might 
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prove  to  be  the  source  of  an  appreciable  error  in  the  determination 
of  the  phase  difference. 

Measurements  were  always  made  in  pairs,  using  two  different 
values  of  the  ratio  arms,  both  with  the  standard  and  the  imknown. 
This  procedure  is  well  worth  the  additional  time  required,  even 
when  a  large  number  of  condensers  are  to  be  compared,  because  of 
the  check  thereby  afforded,  both  on  the  measurements  and  the  cal- 
culations. The  latter  are  by  no  means  complicated,  and  consume 
no  undue  amount  of  time.  When,  however,  as  in  the  present 
instance,  many  measurements  are  to  be  made,  it  would  be  a  saving 
of  time  and  would  facilitate  the  detection  of  errors  during  the 
course  of  the  observations,  to  use  the  arrangement  devised  by 
Curtis'  (since  the  completion  of  this  work)  which  allows  the 
capacity  of  the  unknown  condenser  to  be  read  directly  from  the 
setting  of  the  bridge. 

2.  APPARATUS 

The  cmrent  for  the  comparisons  at  33  and  100  cycles  was  taken 
from  a  j^-kw  motor-generator  set,  driven  from  a  storage  battery, 
the  variations  of  the  speed  desired  being  obtained  by  a  variable 
rheostat  in  the  armature  circuit  of  the  motor.  The  higher  frequency 
currents  (300,  600,  900-1000  cycles)  were  supplied  by  three  genera- 
tors of  a  series  designed  to  give  frequencies  corresponding  to  the 
fundamental  and  the  odd  harmonics  (including  the  fifteenth)  of 
60  cycles.  This  set  of  alternators  was  specially  designed  for  the 
Bureau  of  Standards  for  researches  requiring  a  wide  possibility  of 
variation  of  wave  forms  of  known  composition. 

Vibration  galvanometers  were  employed  to  indicate  when  the 
bridge  was  balanced.  Since  an  instrument  of  this  type  is  highly 
sensitive  only  for  a  frequency  corresponding  to  the  natural  period  of 
torsional  vibration  of  the  suspended  system,  and  responds  only  in 
a  very  small  degree  to  cmrents  of  other  frequencies,  the  emf  does 
not  have  to  be  closely  a  sine  wave.  The  galvanometer  if  tuned  to 
the  frequency  of  the  fundamental,  indicates  when  the  bridge 
is  balanced  for  the  latter,  although  this  condition  does  not  hold 
for  the  other  components. 

^This  Bulletin,  6,  p.  439;  1910. 
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The  importance  of  this  property  (which  is  not  shared  by  the 
telephone)  in  measurements  like  the  present,  can  not  well  be  over- 
estimated. In  the  case  of  a  condenser  circuit,  all  existing  dis- 
tortion of  the  emf  wave  is  magnified  in  the  current  wave  by  the 
capacity.  Since,  now,  unless  the  phase  difference  of  both  con- 
densers is  zero  the  conditions  for  balance  of  the  bridge  are  different 
for  each  harmonic,  any  instrument  like  the  telephone  must  always 
show  the  presence  of  current  of  some  frequency,  however  the  arms 
of  the  bridge  are  varied  and  with  condensers  of  large  absorption 
the  minimum  current  will  be  very  appreciable.  The  position 
corresponding  to  the  minimum  of  the  current  will  not,  in  general 
coincide  with  the  balance  point  of  the  fundamental,  and  the  sensi- 
bility of  the  setting  is  reduced  by  the  presence  of  the  residual  of 
current.'  These  effects  (small  with  condensers  of  small  and 
nearly  equal  phase  differences)  are  so  great  with  condensers  of  large 
absorption,  as  to  render  the  use  of  the  telephone  as  indicating 
instrument  unsatisfactory,  if  not  impossible.  In  the  present 
instance,  at  the  lowest  frequency,  the  difference  in  the  balance 
point  for  the  fundamental  and  that  of  the  harmonics  was  in  a 
few  cases  so  great,  as  actually  to  produce  appreciable  forced  vibra- 
tions of  the  galvanometer  corresponding  to  the  residual  cturents 
of  harmonic  frequencies.  In  such  a  case  inductance  may  be 
used  in  the  main  circuit  to  annul  the  effects  of  the  harmonics,  or  ca- 
pacity may  be  introduced  to  produce  more  or  less  complete 
resonance  of  the  circuit  for  the  fundamental.  With  such  poor 
condensers,  however,  this  is  hardly  worth  while,  since  it  will  be 
found  that  the  balance  is  so  sensitive  to  minute  changes  of  the 
frequency,  and  the  slight  heating  of  the  condenser  by  the  meas- 
uring current  causes  such  a  notable  drift  of  the  setting  for  balance, 
as  to  enable  snap  readings  only  to  be  obtained. 

For  the  measurements  at  33  and  100  cycles  two  galvanometers 
of  the  Rubens  t5rpe  *  were  used ;  for  the  higher  frequencies,  instru- 
ments of  the  Wien  t3rpe.*  The  latter  form  of  vibration  galvanom- 
eter is  considerably  the  more  sensitive,  but  suffers  from  the  dis- 
advantage that  its  resonance  peak  is  inconveniently  sharp,  and  its 

'This Bulletin,  8,  p.  376;  1907. 
^Wied.  Ann.,  66,  p.  37;  1895. 
'Ann.  der  Phys.,  4,  p.  425;  1901. 
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damping  relatively  poor.  The  Rubens  galvanometer  is  free  from 
these  difiSculties,  and  is  very  satisfactory  for  all  work  which  does 
not  demand  unusual  sensibility,  but  so  far  as  is  known  to  the 
author  it  is  not  made  for  frequencies  higher  than  about  200  cycles 
per  second.  Recent  experience  indicates  that  the  Campbell  form  • 
of  vibration  galvanometer  combines  with  a  greater  sensibility  a 
larger  range  of  attainable  frequencies  than  the  Rubens. 

No  attempt  was  made  to  adjust  the  resonance  frequencies  of  the 
Wien  galvanometer  closely  to  the  exact  values  desired.  It  is 
a  tedious  operation  to  adjust  the  system  of  a  galvanometer  of  this 
type  to  resonance  with  any  prescribed  frequency,  but  it  is  fairly 
easy  to  approximate  the  desired  frequency  in  a  very  few  trials, 
and  to  vary  the  speed  of  the  machine  until  the  current  is  in  reso- 
nance with  the  period  of  the  galvanometer.  It  is  a  simple  matter 
to  correct  the  observed  results  for  the  small  diflFerence  between 
the  actual  and  the  desired  frequency. 

3.  CONTROL  AND  MEASUREMENT  OF  THE  FREQUENCY 

Although  a  precise  knowledge  of  the  value  of  the  frequency  is 
not  requisite  in  these  measurements,  means  must  be  provided  by 
which  the  resonance  frequency  may  be  located  and  thereafter 
reproduced  at  will.  This  is  especially  important  when  a  setting 
is  to  be  made  on  a  condenser  with  an  appreciable  phase  difference. 
If  the  speed  of  the  machine  fluctuates,  the  balance  of  the  bridge 
will  drift  in  a  manner  very  annoying  if  many  settings  are  to  be 
made.  Further,  with  the  Wien  galvanometer,  the  resonance 
peak  is  so  sharp  that  a  variation  of  the  frequency  by  only  one- 
tenth  of  a  per  cent  from  the  resonance  value  reduces  the  deflection 
(other  things  being  equal)  to  less  than  one-half  of  its  value,  so 
that  it  is  often  easy  to  obtain  a  sptuious  balance  due  to  the  re- 
duced sensibility  of  the  galvanometer.  In  any  case  it  becomes 
very  arduous  to  balance  the  bridge  with  a  continually  varying 
sensibility. 

With  the  lower  frequencies  the  speed  of  the  alternator  was 
adjusted  by  an  auxiliary  Maxwell  bridge,  the  condenser  being 
charged  and  discharged  by  a  rotating  commutator  direct  connected 

•Phil.  Mag.  [6],  14,  p.  794;  1907. 
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to  the  shaft  of  the  alternator.^  This  method  not  only  allows  the 
resonance  point  to  be  very  exactly  identified  and  reproduced,  but 
with  a  calibrated  condenser  the  corresponding  absolute  value  of 
the  frequency  may  be  determined  with  great  precision.' 

At  the  beginning  of  the  day's  work  the  vibration  galvanometer 
is  connected  to  a  simple  Wheatstone's  bridge  (or  any  other  bridge 
whose  balance  does  not  depend  on  the  frequency  of  the  ciurent) . 
Having  nearly  balanced  the  bridge,  so  that  the  galvanometer 
shows  only  a  small  deflection,  the  speed  of  the  generator  is  varied 
until  the  resonance  frequency  is  attained,  as  evidenced  by  a  sharply 
defined  maximum  deflection  of  the  galvanometer. 

This  speed  being  maintained  constant  by  one  observer,  a  second 
observer  balances  the  Maxwell  bridge  by  adjusting  the  resistance 
in  one  of  the  arms.  This  having  been  accomplished,  the  resonance 
frequency  can  thereafter  be  reproduced  and  maintained  constant 
by  one  observer  at  the  Maxwell  bridge  whenever  the  alternating 
cturent  bridge  is  to  be  balanced  by  the  second  observer. 

This  method  was  not  found  practicable  in  the  case  of  the  meas- 
urements at  the  higher  frequencies,  where  the  alternators  were  in 
a  separate  building  from  the  bridge.  Well-insulated  leads  were 
carried  between  the  two  buildings,  but,  owing  perhaps  to  variations 
in  the  capacity  between  the  leads  and  the  earth,  the  galvanometer 
deflection  varied  in  an  erratic  manner,  and  the  attempt  was 
abandoned. 

The  following  method,  suggested  by  Prof.  Rosa  was  fotmd  very 
effective,  and  has  the  advantage  tlmt  it  is  independent  of  any 
adjustment  of  brushes,  an  advantage  not  to  be  overlooked  when 
the  alternator  is  in  another  room  from  the  observer. 

This  method  depends  on  the  use  of  a  double  electrod3mamometer 
having  two  movable  coils  fixed  to  the  satne  axis,  each  being  placed 
in  the  field  of  a  pair  of  fixed  coils.  In  the  instrument  used  in  these 
measurements  a  taut  suspension  of  phosphor  bronze  strip  stretched 
between  spiral  springs  at  both  top  and  bottom  and  provided  with 
a  damping  vane  insured  a  dead-beat  movement,  one  of  the  requi- 
sites for  the  success  of  the  method.    The  actual  instrument  was 

^This  Bulletin  1,  p.  153;  1904.  *  This  Bulletin,  1,  p.  x8x;  1904. 
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inexpensive  and  of  only  moderate  sensibility,  but  gave  a  very  sat- 
isfactory performance. 

The  whole  or  a  portion  of  the  supply  voltage  is  impressed  on  two 
circuits  in  parallel  (Fig.  3) ,  in  one  of  which  is  connected  in  series 

a  condenser,  the  two  movable  coils 
nil  and  m^  and  one  pair  /,  of  the 
fixed  coils  of  the  double  electro- 
dynamometer,  and  in  the  other  a 
large  inductance  L  and  the  re- 
maining fixed  coils  f^.  Fig.  4 
shows  the  relative  phases  of  the 
currents  in  the  djmamometer. 
The  torque  between  the  fixed  coils 
/i  and  the  movable  coils  nti  is  pro- 
portional to  t|  i,  cos  <f>  aCnd  that 
between  the  fixed  coils  /,  and  the 
movable  coils  fn,  is  proportional 
to  tVi  where  tj  and  i,  are,  respec- 
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Vit 


HUKTH 


tMLr 
/1 


F1g.3 

tively ,  the  cmrents  in  /^  and  /,. 


PL 


the  reactances  of  the  coils  of  the  djmamometer  are  small  in  com- 
parison with  those  of  the  condenser  and  the  inductance  coil.  The 
torque  t^  is  therefore  dependent  to  only  a 
slight  degree  on  the  frequency,  while  the 
torque  ^  varies  nearly  as  the  square  of  the  i^ 
frequency.  The  connections  being  so  made 
that  the  two  torques  ^,  and  /,  are  opposed  to 
one  another,  it  is  possible  by  adjusting  the 
capacity  or  inductance,  or  both,  to  bring  the 
deflection  of  the  dynamometer  to  zero.  This 
balance  having  been  made  for  a  given  fre- 
quency, it  is  evident  that  any  change  of  the 
frequency  will  disturb  the  balance  and,  what 
is  more,  the  deflection  occurring  with  decreasing  frequency  will 
be  in  the  opposite  direction  to  that  with  increasing  frequency. 
The  adjustment  of  the  circuits  is,  in  practice,  best  made  as  fol- 
lows: Having  adjusted  the  frequency  roughly,  a  suitable  induc- 
tance is  foimd,  such  that,  with  the  voltage  used,  when  the  circuit  is 
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closed  through  the  inductance,  the  fixed  coils  /j  and  the  movable 
coils  in  series,  a  deflection  of  about  i  meter  is  produced.  This 
current  is  next  broken  and  a  ciurent  passed  through  the  fixed 
coils  /s,  the  movable  coils,  and  a  condenser  variable  in  steps,  all 
in  series.  The  capacity  of  this  latter  circuit  is  adjusted  imtil  the 
deflection  obtained  has  about  the  same  magnitude  as  that  pre- 
viously obtained  with  the  inductance  in  circuit.  The  fixed  coils  /j 
in  series  with  the  inductance  coil  are  then  shunted  between  the 
terminals  of  the  circuit  containing  the  condenser,  care  being  taken 
that  the  two  torques  due  to  the  action  of  the  two  currents  are  in 
opposition.  It  is  now  easy  by  continuous  variation  of  the  capacity 
or  the  inductance,  or  both,  to  bring  the  dynamometer  deflection  to 
zero.  By  increasing  the  impressed  voltage,  the  sensibility  may 
be  increased  within  limits  compatible  with  the  safe  current  carrying 
capacity  of  the  movable  coils  of  the  dynamometer.  The  correct 
frequency  for  resonance  with  the  galvanometer  having  been 
reached  and  held  constant  by  the  use  of  a  variable  resistance  in 
the  field  circuit  of  the  alternator,  a  second  observer  balanced  the 
dynamometer  circuits.  He  was  thereafter  in  a  position  to  keep 
the  frequency  at  the  correct  value  (by  manipulating  the  resistance 
in  the  motor  field  circuit) ,  while  the  other  observer  made  the  set- 
tings on  the  alternating  ciurent  bridge. 

With  this  method  of  speed  control,  the  resistance  of  the  coil  L 
<Jpes  not  have  to  be  kept  negligibly  small,  as  was  assumed  for  the 
sake  of  the  demonstration,  but  the  angle  of  lag  of  this  circuit 
should  be  kept  large  enough  to  make  the  phase  difference  between 
t'l  and  t,  (Fig.  4)  considerably  greater  than  90**,  in  order  that  the 
torque  t  may  not  be  imduly  decreased  by  the  approach  to  a  con- 
dition of  quadrature  of  the  two  currents. 

The  actual  value  of  the  resonance  frequency  was,  in  the  present 
instance,  sufficiently  well  determined  by  measuring  the  speed  of 
the  alternator  by  means  of  a  speed  coimter.  Greater  precision 
may,  however,  be  attained,  when  desired,  by  the  use  of  an  aux- 
iliary bridge  containing  resistances  in  three  of  its  arms,  and  a 
known  capacity  in  series  with  a  calibrated  variable  inductance  in 
the  fourth  arm.  The  frequency  being  held  at  the  value  which 
is  to  be  meastu-ed,  by  means  of  the  dynamometer  arrangement,  a 
74356**— 12 — 2 
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second  observer  balances  the  auxiliary  bridge  (which  is  supplied 
by  the  same  source)  by  alternately  varying  the  inductance  and 
resistance  of  its  fourth  arm.  For  this  measurement  the  same  vibra- 
tion galvanometer  is  used  as  in  the  main  measurements,  its  fre- 
quency of  vib^ration  being  of  course  the  frequency  which  it  is 
desired  to  determine.  The  frequency  is  calculated  from  the 
capacity  and  inductance  necessary  to  balance  the  auxiliary  bridge, 
using  the  familiar  relation  />'LC  =  i.  This  extremely  sensitive 
method  for  determining  the  value  of  a  frequency  is  evidently  appli- 
cable to  any  case  where  it  can  be  maintained  constant  by  auxiliary 
apparatus.  The  most  perfect  arrangennent  is  to  use  for  detecting 
the  balance  of  the  auxiliary  bridge  a  vibration  galvanometer  whose 
period  of  resonance  is  adjusted  to  the  period  of  the  current  whose 
frequency  is  to  be  measured,  but  with  a  fairly  pure  wave  form,  a 
telephone  could  probably  be  used  where  a  moderate  sensibility  is 
sufficient. 

4.  CONTROL  OF  THE  TEMPERATURB 

The  condensers  were  kept  in  a  galvanized  iron  tank  58  x  50  x 
50  cm  surrotmded  by  a  water  jacket  on  all  sides,  except  the  top, 
which  was  insulated  by  a  layer  of  hair  felt  3  cm  thick.  The 
quantity  of  water  in  the  jacket  (about  100  liters)  was  so  large 
ttiat  its  temperature  when  within  5®  of  the  temperature  of  the 
room,  changed  very  little  from  day  to  day,  requiring  thus  little 
or  no  regulation.  The  extreme  temperatures,  10°  and  35®,  were 
obtained  by  filling  the  water  jacket  with  water  whose  tempera- 
ture was  about  3°  lower  or  higher,  respectively,  than  the  desired 
temperature,  about  24  hours  before  it  was  desired  to  make  the 
measurements.  From  previous  experience  this  was  believed  to 
be  long  enough  to  insure  the  condensers  taking  up  the  tempera- 
tiu-e  of  the  bath  which  after  this  interval  was  at  closely  the  tem- 
perature desired.  Since  in  every  instance  check  measurements, 
made  after  an  interval  of  several  days,  agreed  well  with  those 
made  24  hours  after  adjusting  the  temperature  of  the  bath,  this 
assumption  was  imdoubtedly  sufficiently  well  justified.  Owing, 
however,  to  the  creeping  of  the  temperature  of  the  jacket  at  10® 
aJid  35°  during  the  four  or  five  hours,  required  for  a  complete 
set  of  measurements,  the  temperature  of  the  condensers  was 
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uncertain  by  a  few  tenths  of  a  degree,  at  these  extreme  tempera- 
tures, which  may  perhaps  be  a  suflScient  explanation  for  the  fact 
that  the  curves  do  not  repeat  themselves  perfectly  at  35®,  where 
uncert9.inties  in  the  temperature  are  of  the  greatest  effect.  The 
results  are,  however,  not  seriously  affected  by  this  source  of  error. 
Measurements  were  made  at  two  frequencies  each  evening,  but 
owing  to  the  number  of  condensers  studied,  two  evenings  were 
required  to  finish  the  list  in  the  earlier  work  where  the  Series 
Inductance  Method  was  employed.  The  use  of  the  Series  Resist- 
ance Method  in  the  later  series  reduced  materially  the  time 
required  for  the  measurements.  In  the  work  at  33  and  100 
cycles,  the  temperatures  followed  the  order  19®,  25**,  30°,  34**, 
20®,  15°,  and  10®.  The  values  observed  at  20®,  both  with  ascend- 
ing and  descending  temperatures,  agreed  so  well,  that  in  the  later 
series  at  the  higher  frequencies,  measurements  were  made  at  15**, 
25®,  and  35°  only,  without  repetition.  Settings  were  made  at 
100  cycles  in  every  set,  so  as  to  give  a  check  on  the  constancy  of 
the  condensers  during  the  progress  of  the  work,  as  well  as  to 
more  accurately  obtain  the  effect  of  frequency,  unaffected  by 
any  correction  for  temperature.  Most  of  the  condensers  showed 
a  constancy  over  the  interval  of  seven  months  between  the  first 
and  second  parts  of  the  work,  which  was  better  than  had  been 
expected. 

5.  CONDENSERS  STUDIED 

The  following  table  summarizes  all  of  the  data  available  on 
the  details  of  construction  of  the  condensers  tested.  In  all  except 
the  condensers  designated  as  Be^^^  and  Be^,^  the  dielectric  is 
paraffined  paper;  in  the  two  exceptions  the  paper  had  been 
impregnated  with  beeswax. 

Of  these  condensers  5,,  5e,  and  5io,  ^,  t^,  and  Wa  each  is  com- 
pletely sealed  in  the  inclosing  metal  case,  the  terminals  of  the 
first  group  being  brought  out  through  insulating  bushings,  t^,  t„^ 
Tj,  and  Wa  were  especially  designed  for  telephone  work;  the  others 
for  general  laboratory  use. 

None  of  these  condensers  are  clamped.  In  Cp,  however,  the 
space  between  the  condenser  and  the  cover  of  the  box  is  occupied 
by  strips  of  cardboard.  The  condenser  Mp  quite  accurately  fills 
its  containing  box,  and  in  Lp  two  blocks  of  wood  have  been 
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introduced,  which  fit  rather  tightly  between  the  condenser  and  the 
cover  of  the  box.  SH  does  not  fit  its  case  at  all  tightly.  In 
view  of  these  facts  it  may  be  remarked  in  passing  that  the  majority 
of  the  condensers  suffered  permanent  changes  of  capacity  or  phase 
difference,  or  both,  during  the  observations.  These  changes  were 
for  the  most  part  unimportant.  Of  the  condensers,  T,  and  Wa 
showed  changes  in  the  capacity  only,  Wa  to  about  o.i  per  cent 

TABLE  I 


WlwraiiMde 

Bm 

Cmrtiuctti 

PiMlillU 

DMlfmUon 

ColK 

Soft- 

Mtllid 

9»S«8m 

U.S. 

Metal 

Flat  sheets, 
25  cm  z  30  cm 

White 

(?) 

(?) 

cp 

Fkmce 

Wooden 

Flat  sheets, 
25  cm  z  30  cm 

Gray 

36* 

52<».5 

I« 

U.S. 

Wooden 

Flat  sheets, 
15  cm  z  20  cm 

Yellow 

30*(?) 

51* 

Hp 

Bnglftnd 

Wooden 

Roll,  20  cm  wide, 
fonrsectloas 

Tellowidi 
idiite 

48* 

sr 

SH 

Gemiaiiy 

Wooden 

Sheets,     15     cm 

Veiy  Halite 

48* 

58* 

T, 

U.S. 

Metal 

sqnare 
Paper  and  tin  foil 
wound  together 
on  wood 

Darkly 

32* 

48* 

U.S. 
U.S. 

Metal 
None 

Strip,  10  cm  wide, 

rolled  up 
Sheets, 

10  cm  z  15  cm 

t„t„ 

U.S. 

Metal 

Strip,  8  cm  wide, 
rolled  up 

and  T,  a  permanent  decrease  of  about  i  per  cent.  Be^,^  exhibited 
a  decrease  in  the  phase  difference  of  perhaps  lo  per  cent  at  the 
lower  frequencies,  but  no  noticeable  change  in  capacity.  Of  the 
remaining  condensers,  the  following  permanent  changes  were 
noticed:  SH,  increase  in  capacity  6  in  lo  ooo,  increase  in  phase 
difference  of  about  5  per  cent;  C/>,  increase  in  capacity  12  in 
10  000,  increase  in  phase  difference  about   10  per  cent;  Sg,  a 
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decrease  in  phase  diflference  of  about  6  per  cent,  a  decrease  in 
capacity  of  o.i  per  cent,  noticeable  at  100  cycles  only. 

There  are  two  cases  which  may  occur,  viz,  a  mechanical  change 
in  the  condenser,  such  as  a  change  in  the  configuration  of  its 
parts,  due  to  a  springing  of  its  plates,  while  the  dielectric  is  some- 
what plastic  at  the  higher  temperatures,  and  second,  some  change 
in  the  nature  of  the  dielectric.  Of  these  two  effects,  the  first 
should  not  involve  the  phase  difiference,  but,  on  the  other  hand, 
any  change  in  the  phase  difference  tends  to  produce  a  change  in 
the  measured  capacity,  an  increase  in  phase  difference  giving 
rise  in  general  to  an  increase  in  the  capacity.  In  a  number  of 
the  above  instances,  these  effects  are  qualitatively  substantiated, 
although  occasionally  the  effect  of  a  change  of  phase  difference 
seems  to  have  produced  no  measureable  influence  on  the  capacity. 
The  hypothesis  of  a  change  in  capacity  due  to  the  relieving  of 
stresses  while  the  dielectric  is  somewhat  plastic  gains  probability 
in  the  light  of  the  comparatively  low  softening  point  observed 
for  some  of  the  samples  of  paraffin  taken  from  these  condensers 
(see  Table  I),  although  the  observed  changes  do  not  follow  very 
olosely  these  observed  temperatures  of  noticeable  plasticity. 

6.  METHOD  OF  PRBSBNTraO  THB  RESULTS 

The  following  table  of  the  results  of  a  single  day's  observations 
at  a  single  frequency,  will  illustrate  the  magnitudes  of  the  observed 
quantities,  and  serve  to  indicate  the  concordance  obtained  with 
different  values  of  the  ratio  arms. 

In  these  observations  the  various  sections  of  the  mica  con- 
denser Bf  whose  capacity  and  phase  difference  at  various  tem- 
peratures and  frequencies  had  previously  been  very  accurately 
determined,  were  made  the  basis  of  the  work.  The  condensers 
7763  and  7766  were  also  used  in  conjunction  with  the  former,  and 
since  these  last  condensers  had  not  been  previously  studied  at  the 
higher  frequencies,  their  values  were  connected  with  those  of  con- 
denser B  by  direct  comparison  on  the  day  of  observation  (as  in  the 
above  table). 

In  Table  II  the  capacities  in  column  4  were  calculated  from  the 
observed  values  of  R^  and  the  known  value  of  the  standard, 
which  is  placed  last  in  each  group  of  comparisons.  From  the 
observed  values  of  r^  in  the  sixth  column  the  differences  in  phase 
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referred  to  the  phase  difference  of  the  standard  were  calculated 

by  formula  (4)  and  are  tabulated  in  the  seventh  column.    The 

last  column  contains  the  absolute  values  of  the  phase  differences 

of  the  condensers,  computed  from  the  known  phase  differences  of 

the  standards. 

TABLE  II 

July  12,  1907.    Frequency  314  cycles.    Temperature  25?8 


Caadtmmn 

K* 

C«pMltsr(ob- 
■nv«d)iiif 

^mm 

*i'-^" 

PlMMdtt. 

AwdL 

TMt 

•     *  *f 

•        f    *0 

L 

s,. 

598.50 

3.03727 

2.474 

11  31 

1 

+7764 

Si. 

1098.90 

30 

2.508 

48 

13    0 

+7765 

1 

L 

s. 

575.06 

3.14525 

0.765 

46    3 

47  24 

+7764 

s. 

1061.16 

29 

0.806 

6 

+7765 

^ 

[77«6 
+B+ 

600.33 
1107.80 

(3.01286) 

3.049 
3.094 

(120) 

77«3 

1 

7764 

s, 

599.86 

1.60952 

1.933 

12  55 

'+U, 

s. 

1106.97 

51 

2.007 

13    6 

14  10 

f    77«6 

l+B,., 

600.49 
1108.12 

(1.60784) 

3.118 
3.208 

(1  10) 

i 

7764 

t., 

567.34 

1.91462 

2.356 

3  36    9 

ti, 

1047.08 

38 

2.493 

38  43 

338    0 

T, 

610.40 

1.77959 

15.007 

65  39 

T. 

1126.46 

48 

15.066 

51 

66  53 

f    776« 

+Bo., 

600.56 
1108.25 

(1.80671) 

20.109 
20.184 

(1    «) 

L 

SH 

591.70 

1.02207 

5.226 

34  42 

L 

SH 

1091.91 

06 

5.362 

48 

35  45 

L 

Mp 

615.46 

0.98262 

9.721 

6    6 

7    6 

L 

Mp 

1135.78 

58 

9.771 

53 

753 

L 

Lp 

628.08 

0.96289 

6.552 

28    8 

L 

Lp 

1159.11 

80 

6.710 

9 

29    8 

L 
L 

7766 
7766 

602.41 
1111.65 

(1.00391) 

10.410 
10.563 

(1    0) 
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July  12,  1907.     Frequency  314  cyles.     Temperature  2S?8 — Continued 


CttidmMfB 

R« 

Capacity  (ab- 
i«rvad)iiif 

ri 

*'i-^i" 

Phase  difl. 

AuziL 

Tart 

•     #    // 

•      #   // 

L 

w. 

587.47 

1.02940 

6.221 

27  11 

L 

w. 

1064.14 

31 

6.361 

7 

28  26 

L 

7763 

602.24 

1.00411 

10.302 

0  24 

L 

7763 

1111.36 

10 

10.436 

24 

1  44 

L 

7766 

602.36 

1.00390 

10.410 

-0  19 

L 

7766 

1111.56 

92 

10.558 

-     15 

1    0 

L 
L 

B 
B 

601.80 
1110.52 

(1.00485) 

10.354 
10.488 

(1  17) 

^.. 

U 

542.35 

0.66868 

6.9 

9  12    0 

9  37    0 

K. 

tn 

1005.35 

569 

10.4 

28    0 

1*0.6 

B0.6 
B0.6 

600.50 
1108.16 

(0.60393) 

150.763 
150.994 

(1  17) 

K, 

Be,,. 

*  530.40 

0.56893 

3.237 

58  48 

I^).. 

Bei,» 

1067.07 

98 

3.513 

40 

59  44 

I^).. 

Be.,, 

566.91 

0.53230 

7.355 

44  43 

I^).. 

Be.,. 

1046.13 

31 

7.623 

45 

45  44 

I^».6 

Cp 

623.28 

0.48415 

12.615 

29  50 

I^».6 

Cp 

1150.24 

12 

12.916 

50 

30  50 

Los 

7766, 
7766, 

601.32 
1109.64 

(0.50184) 

20.921 
21.211 

(1    0) 

^).5 

7766, 

1209.83 

• 

21.194 

It  has  seemed  most  practicable  and  conducive  to  clearness  not 
to  tabulate  the  whole  mass  of  the  observed  data,  but  rather  to 
embody  the  results  in  curves,  which  shall  give,  along  with  the 
numerical  values,  a  clear  picture  of  the  variations  of  the  observed 
quantities  with  varying  temperature  and  frequency.  Accordingly, 
the  sum  of  the  results  on  each  condenser  is  incorporated  in  two 
sets  of  curves,  which  present  (a)  the  capacity  and  phase  difference 
as  fimctions  of  the  temperature,  with  the  frequency  as  variable 
parameter,  and  (b)  the  capacity  and  phase  difference  as  fimctions 
of  the  frequency,  with  the  temperature  as  variable  parameter.    To 
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distinguish  between  the  curves  of  capacity  and  phase  diflference, 
the  latter  are  drawn  as  dotted  lines,  while  the  curves  of  capacity 
are  in  full  lines.  These  26  sheets  of  ctuves  have  been  numbered 
for  ready  reference. 

Unfortunately  the  diflFerences  in  the  values  of  the  constants  of 
the  various  condensers  are  of  such  widely  different  magnitudes 
as  to  make  it  impracticable  to  draw  all  the  curves  to  a  uniform 
scale,  without  in  certain  instances  obscuring  points  of  interest. 
The  scale  of  each  cmve  is,  however,  clearly  indicated,  and  to 
lend  clearness  and  emphasize  the  relations  between  the  different 
scales,  the  curves  for  the  mica  condenser  B  are  drawn  to  scale  on 
each  sheet. 

7.  CURVES  OF  RESULTS 

A  casual  inspection  of  the  ctuves  of  figtu-es  5  to  30  suffices  to 
show  how  greatly  the  different  condensers  vary  among  themselves 
in  their  constants.  The  relations  connecting  the  capacity  and 
phase  difference  with  the  temperature  and  frequency  are  far  from 
simple,  and  their  detailed  consideration  in  the  light  of  the  various 
theories  of  absorption  will  be  taken  up  in  the  second  part  of  the 
paper.  The  following  points  are,  however,  of  importance  from  a 
practical  standpoint. 

(i)  The  changes  of  capacity  with  the  frequency  and  tempera- 
ture are  much  larger  than  are  observed  with  mica  condensers, 
and  are  very  appreciable  in  every  case.  The  amotmt  of  change 
is  in  general  larger  with  those  condensers  which  have  a  large 
phase  difference.  In  the  case  of  the  poorer  condensers  studied 
(Figs.  21-30)  the  changes  of  capacity,  referred  to  the  value  at  the 
highest  frequency  and  lowest  temperature,  where  the  effects  of 
absorption  are  smallest,  range  from  5  to  60  per  cent,  for  the  tem- 
peratures and  frequencies  studied. 

(2)  The  phase  differences  observed  range  from  about  6'  in 
the  case  of  Mp  (Figs.  5  and  6)  to  the  enormous  value  of  about 
22**  with  the  condenser  t^  (Figs.  29  and  30).  The  phase  differ- 
ence of  a  good  mica  condenser  may  be  as  low  as  15"  at  the 
higher  frequencies,  and  usually  lies  imder  3'  even  at  the  higher 
temperatures  and  lower  frequencies. 

(3)  The  temperature  coefficient  of  the  capacity  is  in  some  cases 
negative  and  nearly  constant  (Figs.  5,  7,  and  9)  and  in  others 


Graver]  MecLsuremetUs  Ofi  Paper  CondettseTs  515 

positive  and  rapidly  increasing  with  the  temperature  (Pigs,  15, 
17,  21,  25,  27,  and  29).  In  still  other  condensers  the  temperature 
coefficient  is  negative  at  the  lower  temperatures  and  higher  fre- 
quencies, and  tends  to  become  positive  with  increasing  tempera- 
ture, especially  at  the  lower  frequencies  (Figs.  17,  19,  and  25). 
The  negative  temperature  coefficient  occurs  as  a  rule  with  those 
condensers  having  small  phase  differences,  and  the  coefficient, 
although  larger  than  that  of  a  good  mica  condenser,  does  not 
exceed  about  5  parts  in  10  000.  On  the  other  hand,  the  positive 
temperature  coefficientis,  which  are  usually  found  in  condensers 
having  large  phase  differences,  are  in  many  cases  of  the  order  of  i 
per  cent  at  the  higher  temperatures  and  lower  frequencies. 

(4)  Change  of  capacity  with  frequency. — ^With  increasing  fre- 
quency the  capacity  falls  off,  at  first  rapidly  and  then  more  slowly, 
and  tends  to  reach  a  limiting  value,  as3rmptotically,  which  repre- 
sents the  value  of  the  capacity  as  unaffected  by  absorption.  With 
a  given  condenser  these  changes  with  the  frequency  are  larger  at 
the  higher  temperatures,  and  in  the  case  of  condensers  with  large 
phase  difference  may  become  very  large  (Figs.  22,  24,  26,  28,  and 

30)- 

(5)  Change  of  phase  difference  with  frequency. — In  the  majority 

of  cases  the  phase  difference  increases  with  rising  temperature, 
but  whereas  the  change  is  small  and  nearly  linear  in  the  case  of 
mica  condensers,  paper  condensers  show  as  a  rule  a  rapid  rise  of 
the  cmve  at  the  higher  temperatures  and  lower  frequencies,  and 
with  some  of  the  poorer  condensers  here  studied  these  effects  are 
enormous.  The  change  of  the  phase  difference  with  the  frequency 
will  be  considered  more  in  detail  below. 

The  above  considerations  will  make  clear  the  fact  that  paper 
condensers  are,  at  best,  poorly  adapted  to  serve  as  standards  of 
capacity,  and  even  in  work  of  small  precision  should  be  excluded, 
tmless  a  preliminary  study  has  shown  that  the  capacity  is  suffi- 
ciently constant  over  the  range  of  temperatures  and  frequencies 
in  which  it  is  to  be  used. 

From  the  paper  of  Curtis  •  it  appears  tliat  the  capacity  of 
mica  condensers  when  tested  with  direct  current  is  far  more 
dependent   on    the   conditions    of   the  experiment   than    with 

*This  Bulletin,  6,  p.  457;  1910. 
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alternating  current.  It  would  therefore  appear  from  the  fore- 
going curves  with  alternating  current,  that  the  use  of  paper  con- 
densers as  standards  in  measurements  with  direct  current,  and  in 
fact  in  all  direct-current  work  where  a  knowledge  of  the  capacity 
is  desired,  is  to  be  condemned.  This  conclusion  has  been  abun- 
dantly borne  out  in  work  with  the  ballistic  galvanometer  at  the 
Bureau  of  Standards  and  elsewhere.  It  is  no  tmcommon  experi- 
ence to  find  condensers  whose  apparent  capacity  with  periods  of 
charge  and  discharge  of  several  seconds  is  double  that  observed 
with  a  quick  charge  and  discharge,  while  the  value  under  the  same 
conditions  of  charge  and  discharge  increased  with  every  successive 
charge.  These  effects  are  of  course  smaller  in  any  given  case 
with  short  periods  of  charge  and  discharge,  but  the  results  of  Prof. 
Zeleny  (Phy.  Rev.,  191 1)  with  charging  and  discharging  periods 
of  only  a  few  thousandths  of  a  second,  show  that  even  then  the 
capacity  and  temperature  coefficient  are  appreciably  affected  by 
the  conditions  of  the  experiment. 

8.  EFFECT  OF  RESISTANCE  EXTERNAL  TO  THE  CONDENSER 

The  curves  collecting  the  values  of  the  capacity  at  different 
temperatures  and  frequencies  are  so  smooth  as  to  indicate  that  the 
errors  of  observation  are  of  small  effect.  The  curves  showing  the 
change  of  phase  difference  with  the  frequency  are,  on  the  contrary, 
rather  irregular;  instead  of  falling  off  asymptotically  with  increase 
of  frequency,  as  is  the  case  with  mica  condensers,  the  phase  differ- 
ence in  some  cases  actually  increases  with  the  f reqetmcy  over  a 
moderate  range,  and  begins  to  fall  off  again,  if  at  all,  only  at  the 
highest  frequencies.  Although  in  some  of  these  cases,  as  we  shall 
see  later,  there  is  evidence  to  show  that  the  phase  difference 
should  be  larger  at  frequencies  of  the  order  of  300  cycles  than  at 
100  cycles,  this  form  of  the  curve  is  probably  mainly  due  in  the 
majority  of  cases  to  the  effect  of  the  internal  resistance  of  the 
condenser. 

As  already  stated,  the  resistances  of  the  leads  from  the  condenser 
to  the  bridge  were  carefully  measured,  and  a  correction  applied 
to  the  measiu-ed  value  of  the  phase  difference.  If,  however,  there 
be  in  addition  an  appreciable  internal  resistance  in  the  condenser, 
the  measured  values  of  the  phase  difference  will  still  be  too  large, 
by  a  value  which  is  proportional  to  the  frequency,  to  the  value  of 
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this  resistance,  and  to  the  capacity  of  the  condenser.  This  cor- 
rection to  the  phase  difference  is  given  by  the  formula  tan  0 = pCp 
as  before.  Trial  has  shown  that  in  the  case  of  most  of  the  curves 
an  approximate  value  of  the  resistance  p  may  be  fotmd,  which 
will  give  a  corrected  curve  of  the  phase  diflference  with  the  fre- 
quency, falling  rapidly  at  the  lower  frequencies,  but  decreasing 
asymptotically  at  the  higher  frequencies.  The  following  table 
shows  the  values  thus  found,  together  with  the  specification  of 
the  curves  from  which  they  were  derived : 

TABLE  m 


CoildMlflW 

XompdntiifO 

OlllllB 

SH 

IS^*  and  25<' 

0.15 

• 

Mp 

1S<»,  2$*',  and  3S« 

0.07 

t„ 

15*»  and  25* 

1.0 

Bcm 

15%  25*» 

1.0 

T. 

15%  25*» 

0.25 

I* 

15** 

0.50 

Lp 

25*»,  35* 

OJK> 

Cp 

15*,  25* 

1.3 

S. 

15*,  25* 

0.25 

w. 

15*,  25*,  35* 

1.92 

s. 

15*,  25* 

0.21 

s,« 

35* 

0.08 

s,. 

25* 

0.20 

t. 

IS*,  25* 

3.6 

Bew 

IS*,  25* 

0.7 

These  values  of  p  are  in  most  cases  quite  definite.  It  seems 
nevertheless  impossible  to  derive  values  of  p  for  Mp,  5io,  and  S,, 
Figs.  5-10,  which  shall  hold  for  all  the  curves  and  for  each  curve 
over  the  whole  range  of  frequency.  It  is  just  these  condensers, 
however,  for  which  there  is  theoretical  evidence  that,  the  shape 
of  the  curves  of  phase  difference  ip  with  the  frequency  is  more 
complicated  than  the  simple  form  here  assumed. 

This  extra  resistance  p  has  been  calculated  on  the  assumption 
that  it  is  entirely  due  to  causes  external  to  the  plates  of  the  con- 
denser, viz,  lead  resistances  between  the  binding  posts  and  the 
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plates,  and  contact  lesistances  where  the  tin  foil  is  welded  together 
and  joined  to  the  leads.  Since,  with  the  most  of  these  condensers, 
the  plates  axe  all  in  parallel,  the  plate  resistance  should  be  prac- 
tically n^ligible.  The  three  telephone  condensers  ^,  Wat  and 
*i7,  Figs.  29,  30,  II,  12, 27,  and  28  are  made  by  reeling  up  together 
two  or  more  sheets  of  tin  foil  with  the  dielectric  between  them. 
Since  the  number  of  sheets  in  parallel  is  small,  and  each  sheet  is 
very  long  and  thin  the  plate  resistance  should  form  an  appreciable 
part  of  the  whole  resistance,  and  this  seems  to  be  borne  out  by  the 
large  value  of  p  found  in  these  cases.  This  explanation  is  confirmed 
by  some  recent  measurements  of  Curtis  on  telephone  condensers, 
all  from  the  same  maker,  in  some  of  which  connection  was  made 
at  frequent  intervals  along  the  edge  of  the  plates.  The  phase 
difference  in  this  latter  case  decreased  with  increasing  freqeuncy, 
while  with  those  in  which  the  leads  were  attached  to  the  ends  of 
the  plates  only,  the  phase  difference  was  considerably  larger  at 
the  higher  frequencies  than  at  the  lower. 

The  importance  of  the  internal  resistance  of  a  condenser  in 
shifting  the  phase  does  not  seem  to  have  received  general  attention. 
In  many  cases  the  energy  loss  in  this  resistance  becomes  of  greater 
importance  than  that  in  the  dielectric.  (In  the  case  of  the  con- 
denser  Wa,  Pig.  12,  the  TV  loss  in  the  plates  and  connections  is, 
at  a  frequency  of  900,  about  three  times  as  great  as  the  loss  in  the 
dielectric).  Not  only  does  this  cause  unnecessary  heating  of  the 
condenser,  with  consequent  change  of  its  capacity,  but  the  appa- 
rent phase  difference  increases  rapidly  with  the  frequency. 

n.  THEORIES  OF  ABSORPTION 

The  question  of  the  explanation  of  the  phenomenon  of  absorp- 
tion has  long  occupied  the  attention  of  the  physicists,  and  much 
has  been  published  on  the  subject.  In  the  small  space  here  avail- 
able it  is,  however,  necessarily  impossible  to  give  a  complete  view 
of  the  theories  which  have  been  advanced,  and  the  evidence  which 
has  been  collected  for  or  against  these  various  h}rpotheses.  The 
author  has  been  obliged  to  confine  his  attention  to  what  seem  to 
be  the  most  hopeful  theories  in  the  light  of  the  present  experi- 
ments, and  would  direct  the  reader  who  wishes  to  gain  a  more 
complete  knowledge  of  the  subject  to  the  really  admirable  bibliog- 
raphy of  the  subject  by  von  Schweidler  (appended  to  his  article  on 
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Die  Anomalien  im  Verhalten  der  Dielectrika,  Ann.  der  Phys.,  18, 
p.  766;  1907). 

1.  MAXWELL'S  THEORY  OF  A  HBTBROGEHBOUS  DIELECTRIC 

Maxwell  has  shown  ^®  that  a  homogeneous  dielectric,  even  if  its 
specific  resistance  be  comparatively  small,  should  be  free  from 
absorption.  If,  however,  the  dielectric  be  of  heterogenous  compo- 
sition, absorption  is  a  necessary  consequence.  Maxwell  treated 
the  case  of  a  dielectric  made  up  of  parallel  strata  of  different 
dielectrics  and  proved  that  tmless  the  product,  Kr^  of  the  dielec- 
tric constant  K  and  specific  resistance  r  is  the  same  for  all  the 
strata,  charges  will  collect  at  the  planes  of  contact  of  the  various 
strata,  which  are  only  dissipated  gradually  on  successive  dis- 
charges of  the  condenser.  That  is,  the  composite  dielectric  shows 
the  ordinary  phenomenon  of  absorption.  Maxwell  confined  his 
investigation  to  the  case  of  a  constant  appUed  emf .  Rowland  ^^ 
extended  Maxwell's  investigation  to  the  case  of  a  sinusoidal  emf, 
and  showed  (a)  that  the  capacity  should  depend  upon  the  fre- 
quency, and  (6)  the  phase  difference  between  the  current  and  the 
applied  emf  should  differ  from  the  ideal  90^  existing  in  a  homo- 
geneous dielectric  by  an  amotmt  which  is  different  according  to 
the  frequency.  Rowland  merely  stated  his  results  without 
proof.  His  equation  for  the  equivalent  resistance  of  the  con- 
denser seems  to  be  slightly  in  error.  The  author  has  indicated 
the  derivation  of  this  result  below: 

Let  the  dielectric  be  considered  as  composed  of  parallel  plane 
strata  i,  2,  3, of  thicknesses  a^  (hf  ^st dielectric  con- 
stants Ki,  K^,  K^ specific  resistances  r  1,  r,,  r „  ...  and  let 

the  electric  field  strengths,  assumed  constant  inside  each  stratum, 

DC  ^^1,   ^^A,   ^^a,     •   •  •   • 

The  emf  on  the  condenser  is  then 

e  =  aiXi  4-a,X3  4-a,Xa  + 

Maxwell 's  equations  for  the  current  density  are 

r^      ^ir    dt        r,      ^ir    dt 

-I         1  m-^  LI  -  ~ 

'^  Elect,  and  Mag.,  I,  {  328-330.  "  Scientific  Papers,  p.  297. 
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If  we  assume  that  the  current  obeys  the  sine  law;  that  is, 
i  «/  sin  ptf  where  /> « 2ir x  the  frequency 

^       fj      4w    dt       r,      4w    dt 
The  electric  forces,  therefore,  satisfy  the  differential  equation 

dX  ,  4w.^    4ir,    .     . . 

The  solution  of  this  equation  is 

X =Ae"^^'  +     ^"J    .,  sin  pt r   ^^    .^  cos  /»/. 

The  emf  on  the  condenser  is  therefore 
e  =  a|i4ie  ^m  +a^^  K^*  + 

The  exponential  terms  become  neglible  in  a  very  short  time,  so 
that  we  have  in  the  steady  r^me 

We  may  therefore  write  e^E  sin  {pt  —  '^)  where  f'—M'+iV* 

N 
and  tan  '^  =  w,  and  iV  and  M  are  respectively  the  coeflBcients  of 

sin  pt  and  cos  pU 

What  we  have  designated  as  the  phase  difference  is  ^—po®— -^ 
and  is  given  by 
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tan  ^ 


4ir 


-•l-fe)f^Ffe)1 


(5) 


+  .. 


where  p  is  the  equivalent  resistance,  in  series  with  the  capacity, 
which  will  produce  this  phase  difference. 

To  find  the  capacity  we  remember  that  the  component  of  the 

emf  at  90*^  behind  the  current  in  phase  is  r-^. 


•••  ^"+.i-fe)f^Ffej}' ■] 


(6) 


For  infinite  frequency  we  obtain  for  the  limiting  value  of  the 
capacity  Co,  unaffected  by  absorption 


rrH^';+^+--} 


(7) 


This  has  frequently  been  designated  as  the  instantaneous  capac- 
ity. Curtis  "  uses  the  term  geometric  capacity,  a  name  which  has 
much  to  recommend  it. 

The  equivalent  resistance  of  the  condenser  p  may  be  derived 
directly  from  equations  (5)  and  (6),  or  we  may  derive  its  value 
from  the  energy  loss  in  the  condenser.  The  latter  is  found  by 
integrating  the  product  of  the  instantaneous  current  and  the 
component  of  the  emf  in  phase  with  the  current,  over  the  cycle. 
Placing  this  equal  to  /«'/>»  where  /^  is  the  effective  ciurent,  we  find 
the  same  value  for  /9  as  by  the  first  method,  viz: 


(f)Uv.|.4o'H-W) 


+ 


(8) 
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If  ^11  Ut  •  •  are  large,  as  would  naturally  be  expected  to  be  the 

case,  we  may  expand  the  equations  (5) ,  (6) ,  and  (8)  in  powers  of  - ; 

P 

-CfX^^^'- ■■■)-•■>> 

-(f  )"(i^. -0. -  ••  )-Cf  )'te '!&•  ^  ■■>■■■•'■''' 

Rowland  gave  the  same  equation  for  ^;  his  equation  for  p  i 

Hess  ^*  treated  the  special  case  of  a  ptu-e  capacity  in  series  with 
a  second  capacity  joined  in  parallel  with  a  resistance.  That  is,  he 
considered  that  an  imperfect  dielectric  could  be  r^arded  as 
equivalent  in  its  effect  to  a  stratified  dielectric,  in  which  one  of 
the  two  strata  possesses  an  infinite  specific  resistance.  He  derived 
the  equations  for  this  case  supposing  a  steady  emf  to  be  applied, 
and  made  ex()eriments  which  seemed  to  support  this  theory. 

It  does  not  seem  possible,  on  account  of  the  number  of  variables 
involved,  and  the  uncertainty  as  to  how  many  and  what  kind  of 
strata  are  present,  to  submit  this  theory  to  a  quantitative  test. 
Qvalitatively  there  is,  with  a  few  possible  exceptions,  good  agree- 
ment between  the  observations  and  the  theory,  as  will  next  be 
shown. 

With  decreasing  frequency,  the  capacity  and  phase  difference 
should  increase.  The  observations  show,  however,  that  the  rate 
of  increase  is,  in  general,  slower  than  would  be  demanded  by  only 
two  terms  in  (5)  and  (6),  unless  r^,  r„  . .  are  much  smaller  than 
would  naturally  be  expected.  It  should,  however,  be  possible, 
by  assuming  the  number  of  strata  large  enough,  to  represent  the 

^'Lum.  Elect.,  46,  p.  401,  507;  1892. 
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observations.  Curtis  has  shown  in  a  recent  article/^  that  assum- 
ing the  dielectric  of  the  mica  condensers  investigated  by  him  to 
consist  of  a  stratum  of  mica  and  a  stratum  of  paraffin  (used  for 
sealing  the  condenser)  and  taking  for  the  values  of  a^^  a,,  r^,  r, 
those  found  by  direct  meastu-ement,  the  variation  of  the  capacity 
and  phase  difference  calculated  from  the  above  equations  is  much 
smaller  than  that  actually  found. 

The  curves  connecting  the  capacity  and  phase  difference  with 
change  of  frequency  are  of  the  same  general  form  for  all  of  the 
condensers  here  investigated,  the  changes  being  more  pronounced 
the  greater  the  order  of  magnitude  of  the  phase  difference  of  the 
condenser.  This  can  be  reconciled  with  the  assumption  that 
r, ,  f  „  . .  are  smaller  in  the  condensers  with  the  greater  absorption. 
A  consideration  of  the  temperattu'e  curves  is,  however,  more 
instructive. 

The  thicknesses  of  the  strata  a^^  a^^  ...  will  in  general  increase 
with  rising  temperattu'e.  The  coefficient  of  expansion  of  paraffin 
is  known  to  increase  rapidly  as  the  temperattu'e  increases.  The 
following  values,  taken  from  Landolt  and  Bdmstein's  tables,  will 
illtistrate  this  point : 


Tanpwihm 

AtBf m  COmnriilllt 

QO-W^ 

0.00058 

W^-88^ 

0.00070 

38^-^^ 

0.00258 

33^.S-37^.7 

0.00260 

37^.7-41.0* 

0.00666 

The  capacity  per  tmit  area  of  the  plates  (to  which  the  foregoing 
equations  apply)  should,  therefore,  as  a  result  of  the  expansion  of 
the  paraffin,  show  a  n^ative  temperatture  coefficient,  which 
should  increase  more  and  more  rapidly  as  the  temperatture 
increases.  On  the  other  hand,  the  area  of  the  sheets  of  the 
dielectric  should  increase  with  the  temperature,  thtis  tending 
to  give  a  positive  temperatiu-e  coefficient,  due  to  this  cause.    In 

^^This  Bulletm,  6,  p.  474;  iQza 
74356**—" ^3 
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most  mica  condensers  which  have  been  sealed  with  paraflSn,  and 
in  the  better  paraffined  paper  condensers  such  as  M/>,  5,,  and  5io, 
the  former  effect  predominates  and  the  resultant  temperature 
coefficient  is  n^ative,  and  becomes  rapidly  more  n^ative  with 
increasing  temperature,  in  accordance  with  the  change  in  thick- 
ness of  the  strata. 

There  seems  to  be  a  scarcity  of  data  as  to  the  effect  of  tempera- 
ture changes  on  the  dielectric  constant.  Mica  has,  according  to 
Cassie  ^*  a  small  positive  temperattu'e  coefficient.  On  this  assump- 
tion, the  effect  of  changes  in  the  dielectric  constant  should  be  to 
give  rise  to  a  positive  temperattu'e  coefficient  of  the  capacity.  It 
is  possible  that  the  very  small  positive  temperature  coefficients 
observed  by  Curtis  ^*  in  mica  condensers  from  which  most  of  the 
paraffin  had  been  squeezed  out,  and  in  silvered  mica  condensers 
generally,  may  be  explained  by  a  preponderance  of  this  effect 
over  that  of  changes  of  the  thickness  of  the  strata.  This  gains 
credibility  from  the  fact  that  the  capacity  varies  directly  with 
the  dielectric  constant.  Equation  (5)  shows  that  a  positive 
temperature  coefficient  of  the  dielectric  constant  should  give  rise 
to  a  negative  temperature  coefficient  of  the  phase  difference. 
This  assumes,  however,  that  changes  of  r^  and  r,  with  the  tempera- 
ttu'e are  of  less  effect,  which  is  not  tistiaUy  to  be  expected. 

The  magnitude  of  the  specific  resistances  r^,  r„  .  .  .  is,  however, 
according  to  this  theory,  perhaps  the  most  important  factor  in 
the  behavior  of  paraffined  paper  condensers.  The  temperature 
coefficient  of  instdalion  resistance  is  known  to  be  negative,  the 
value  increasing  rapidly  with  the  temperature.  Ftuther,  the 
temperature  coefficient  is,  in  general,  greater  for  small  values  of  r. 

Bearing  these  points  in  mind,  we  are  in  a  position  to  analyze 
the  temperature  curves  of  capacity  and  phase  difference  for  the 
variotis  condensers.  M/>,  5„  and  S^^  may  be  considered  as  con- 
stituting one  group.  As  already  remarked,  the  temperature  coeffi- 
cients of  their  capacities  are  n^ative  and  nearly  constant  at  the 
lower  temperatures,  but  become  rapidly  more  n^ative  above 

^'Pioc.  Roy.  Soc.,  46,  p.  357;  1889.  >*  This  Bulletin,  6,  p.  448;  19x0. 
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about  25**.  The  condenser  Mp  has  the  largest  coefficient,  Si^  the 
smallest.  The  effect  of  changes  in  r,,  r,,  ....  is  to  tend  to  make 
the  temperature  coefficient  positive,  especially*  at  the  higher  tem- 
peratures and  lower  frequencies.  This  effect  is  noticeable  in  5, 
and  Mp.  The  phase  difference  of  the  latter  is  unusually  small  for 
a  paper  condenser,  indicating  relatively  large  values  of  the  specific 
resistances,  and  consequently  only  small  changes  of  phase  differ- 
ence with  the  temperature.  In  both  cases,  the  tendency  is  for 
the  temperature  coefficient  of  the  phase  difference  to  change  from 
negative,  at  the  lower  temperattu-es,  to  positive,  at  the  higher 
frequencies,  the  temperature  of  the  transition  lying  at  a  lower 
value,  the  lower  the  frequency.  This  can  be  explained,  qualita- 
tively at  least,  by  the  assumption  that  at  the  lower  temperatures 
the  effects  of  the  decrease  of  capacity  and  increase  of  dielectric 
constant  tending  to  cause  a  negative  temperattu'e  coefficient  of 
phase  difference  are  together  larger  than  the  effect  of  the  change 
in  the  specific  resistances.  As  the  temperattu'e  increases,  the 
coefficients  of  fj,  r„  .  .  increase  (more  rapidly  at  the  lower  fre- 
quencies than  at  the  higher) ,  until  the  effect  of  the  specific  resist- 
ance preponderates.  The  phase  difference  is  larger  with  5,  than 
with  Mp,  indicating  smaller  values  of  the  specific  resistances  in 
5a  than  in  Mp.  Consequently  larger  changes  of  the  phase  differ- 
ence with  the  temperature  would  be  expected  in  the  former  than 
in  the  latter,  as  was  observed.  The  interpretation  of  the  curves 
of  5|o  is  difficult ;  it  requires,  perhaps,  the  assumption  that  in  this 
condenser  the  temperature  coefficient  of  the  dielectric  constant  is 
more  important  than  in  the  other  two  condensers.  This  would 
give  rise  to  the  relatively  small  temperature  coefficient  of  the 
capacity,  the  effect  being  somewhat  annulled  at  the  lower  fre- 
quencies, as  already  touched  upon.  This  assumption  finds  support 
in  the  unusually  large  temperature  coefficient  of  the  phase  differ- 
ence, even  at  the  lower  frequencies,  although  the  magnitude  of 
the  phase  difference  would  lead  one  to  anticipate  as  great  effect  of 
the  specific  resistance  as  with  5,. 

The  condensers  Cp,  Lp,  Be^^,  Be^,^,  <j,  t^^  group  themselves 
naturally  in  another  class  from  those  just  considered.  These  are 
distinguished  by  positive  temperature  coefficients  of  capacity,  the 
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value  of  this  coefficient  increasing  rapidly  with  the  temperattue, 
and  with  decreasing  frequency.  The  phase  difference  curves  are 
of  the  same  character.  The  changes  of  both  capacity  and  phase 
difference  are  on  a  much  larger  scale  than  those  of  the  condensers 
ah-eady  considered,  and  the  actual  magnitudes  of  the  phase  differ- 
ences are  in  some  cases  excessive  (compare  those  of  ^,  t^^^  Bei,s» 
etc.). 

According  to  the  theory  of  a  heterogeneous  dielectric,  the  effect 
of  the  specific  resistance,  although  in  some  of  these  cases  nearly 
balanced  at  the  lower  temperatures  and  higher  frequencies,  must 
be  the  preponderating  factor. 

The  drop  in  the  phase  difference  curves  of  Cp  at  30^-35®,  and 
at  the  frequencies  33  and  100  is  due  to  an  actual  permanent  change 
taking  place  in  the  dielectric,  which  manifested  itself  by  a  per- 
manent shift  of  the  capacity  curve  at  lower  temperatures.  In  the 
curves  of  ^,  and,  to  a  less  extent,  in  those  of  ^17,  the  effect  of  the 
second  term  in  the  equation  for  p,  which  works  in  opposition  to  the 
main  term,  may  perhaps  be  detected. 

The  remaining  condensers  partake,  more  or  less,  of  both  of  the 
classes  already  discussed.  SH  shows  very  well  the  gradual  change 
with  the  frequency  of  the  factor  whidi  is  predominant.  The 
specific  resistances  of  the  strata  are  the  principal  factors  in  •deter- 
mining the  temperature  coefficient  of  the  capacity.  At  100  cycles 
the  effect  of  the  specific  resistance  is  nearly  balanced  against  that 
of  the  change  in  the  thickness  of  the  strata,  the  latter  effect  being 
the  larger  at  the  lower  temperattu-es  and  the  former  at  the  higher. 
Finally,  at  900  cycles  the  effect  of  the  specific  resistance  has 
become  so  small  that  the  curve  has  the  distinctive  shape  of  that 
produced  by  changes  in  the  thicknesses  of  the  strata  alone.  In 
the  case  of  the  phase  differences  the  curves  are  what  we  would 
expect,  the  effect  of  the  specific  resistance  being  smallest  at  the 
highest  frequency.  The  curves  of  5,  are  of  the  same  nature  as 
those  of  the  preceding. 

The  condenser  W^  is  peculiar.  It  belongs  to  a  lot  of  telephone 
condensers  having  the  smallest  phase  difference  (when  corrected 
for  internal  resistance)  of  any  telephone  condensers  yet  tested  by 
the  author.  The  internal  resistance  of  the  plates  is,  however, 
large.    The  capacity  temperature  coefficient  is  positive  and  small 
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(about  3  in  10  000).  The  bending  of  the  curves  in  the  region 
above  30®  is  to  be  attributed  to  a  tendency  of  the  capacity  to 
become  permanently  lower  at  the  higher  temperatures.  The  phase 
di£Ference  changes  but  little  with  the  temperattu-e,  but  the  observed 
curves  taken  in  conjunction  with  the  capacity  curves,  and  the 
smallness  of  the  value  of  the  phase  difference,  perhaps  indicates 
an  tmusually  large  influence  of  the  dielectric  constant. 

Finally,  the  condenser  T,,  which  was  markedly  unstable  at 
higher  temperatures,  resembles  otherwise  SH  and  5e,  although 
the  effect  of  the  specific  resistance  was  larger  with  the  latter 
condenser  than  with  the  former. 

We  thus  see  that  qualitatively  most  of  the  peculiarities  of  all 
the  observed  curves  may  be  explained  by  equations  (5)  and  (6) 
in  the  Ught  of  assumptions  which  must,  in  the  main,  be  quaUta- 
tivdy  correct,  although  in  some  cases  open  to  doubt.  Un- 
doubtedly the  existence  of  heterogeneity  in  the  dielectric  gives  rise 
to  absorption,  but  whether  this  is  even  the  main  cause  for  the 
absorption  is  at  least  questionable.  Several  distinctive  features 
of  the  curves  of  5,,  5io,  and  Mp  seem  to  point  to  the  presence  of 
other  factors.  In  any  case,  the  theory,  in  the  light  of  our  present 
knowledge,  does  not  seem  capable  of  quantitative  proof. 

2.  HOm^LBVIGUE'S  THEORY  OF  FRICTIONAL  RESISTANCE 

In  two  articles  entitled  **Sur  r&:hauffement  dlectrique  des  con- 
densateurs"  "  and  "Sur  les  theories  du  residu  dlectrique"  Houlle- 
vigue  has  elaborated  Hopkinson's  theory  ^*  of  residual  elasticity 
in  terms  of  Maxwell's  theory. 

He  assumes  the  displacement  in  an  imperfect  dielectric  to  con- 
sist  of  two  parts — (a)  an  instantaneous  displacement  of  the  ether 
tmtil  the  elastic  forces  between  the  ether  and  the  molecules  are  in 
equilibrium  and  (6)  an  additional  gradual  yielding  of  the  molecules 
under  this  tension,  so  that  to  the  instantaneous  displacement  of 
the  ether  is  added  the  displacement  of  the  mean  position  of  the 
molecules. 

^  Jour,  de  Phys.  (3},  6,  pp.  Z13  and  120;  1897. 
«*Phil.  Trans.,  167,  p.  599;  1877. 
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In  viscous  media  the  forces  which  determine  the  displacement 
depend  not  only  on  the  magnitiide  of  the  displacement,  but  on 
the  velocity  with  which  it  takes  place;  that  is,  there  is  a  frictional 
reaction  proportional  to  the  velocity  of  the  displacement  which 
manifests  itself  in  the  heating  observed  in  imperfect  condensers. 
HouUevigue  has  formulated  this  theory  both  for  the  case  of  a 
steady  and  for  a  sinusoidal  applied  emf .  His  equations  for  the 
latter  case,  somewhat  amplified  and  with  several  misprints  cor- 
rected, are  reproduced  below. 

(a)  1ST  CA8B.  DIXLBCTSIC  WITHOXrr  ABSOKPnOH 

Let  ^  « the  displacement  at  any  moment  of  the  ether 

4» »the  field  strength 

p  » the  absolute  density  of  the  ether 

e«the  instantaneous  di£Ference  of  potential  between 
the  plates 

d  =-  the  distance  between  the  plates 

5 = the  area  of  the  plates 

F=the  elastic  reaction  of  the  ether,  taken  propor- 
tional to  the  displacement. 
We  have,  then, 

d'        ^     K    ' 

The  displacement  must  satisfy,  therefore,  the  differential  equa- 
tion 

d^^     e    Air  . 

If  the  impressed  emf  is  E^  and  the  resistance  and  inductance 
of  the  external  circuit  are  respectively  R  and  L,  then 

where.-,  the  current -S^, 

at 
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We  have,  therefore, 

^  will  usually  be  neglible  in  comparison  with  L,  and,  remem- 
bering that  j^'-.S-^,  ^^  —  75,  this  is  seen  to  be  Thomson's  classic 
equation.  Putting  E^^E  sin  pt,  where  />  — 2ir  times  the  fre- 
quency and  L  +^ =L',  we  have 

which  gives 

^_L'S{A*+B')^^  sm  /)<-5  cos  /./)  +c,«^+c,e  •-        (12) 

where  arj  and  a,  are  the  roots  of  the  equation  a"  +  -=r-,a + ^-^^ — o,  and 

C  «=  — -j,  the  capacity  of  the  condenser,  and  Ci,  c,  are  constants. 

Equation  (12)  gives  for  the  steady  regime 

E 


pS^R^^(up^J^J 


==  sin  (pt  +  9) 


tantf  ^ 


(14) 


and 


(15) 
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the   usual   equation   for   the   current   in   a  circuit  containing 
resistance  R,  inductance  L\  and  capacity  C. 

(k)  ami  CASi;  dokbctxic  with  absobphoh 

In  addition  to  the  displacement  ^  of  the  ether,  we  have  here  to 
assume  a  displacement  ^'  of  the  molecules  of  the  dielectric  them- 
selves.   The  forces  acting  on  unit  volume  of  the  dielectric,  are 

(a)  the  elastic  force  "^^9  due  to  the  displacement  ^  of  the  ether, 

(6)  the  elastic  reaction  a^^  of  the  molecules,  oppoong  the  dis- 
placement of  the  molecules  and  proportional  to  it,  (c)  a  frictional 

reaction  26--1--  proportional  to  the  velocity  of  the  molecules. 

Consequently,  if  P  is  the  density  of  the  dielectric, 

^.^^.a^'..^.  (.6) 

To  simplify  the  integration,  and  since  we  need  not  consider  the 
external  circuit,  we  put  /?«o,  L«o,  and  insert  for  the  displace- 
ment J  its  value 

sm  />/  — =.  sm  pt 


— i4  sin  pt. 
The  di£Ferential  equation  for  J'  becomes  therefore. 


d^^'  ,  26  d^'  ,  a  .,    /LwA    .     .  ^ 


whose  solution  is 

4ir 


J''-C,li^+C^-\-^pA[Mwa.pt+Nco&p(\  (17) 

where  /8,  and  /8,  are  the  roots  of  the  equation 
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P-^ 


(p-^0  ^P' 


P^ 


^=^7^ 


or  in  the  steady  state 

^'^A'sin  (pt  +  0) 
where 


A'* 

4Wi4 

I 

-  V(i- 

/>■)" 

<^ 

tAtI   l9s 

-^ 

(J-^) 

The  current  i 

IS 

• 

-4(-'+^') 

where 


F^T^^IF^O^ 


(19) 


.  '•SAp  [cos  />< +«  cos  (pt  +  ff)] 

^'SAp  [(i  +x  COS  ^  cos  pi-xsinOsm  pt] 
=/cos  {pt'—<p) 

I «  5i4/>Vi+2*cosd+x« 

47r      26/)  (20) 

.  -xsini?  KP'T' 

tan  ^  =  — ; 3 

^     i+x  cos  I? 


The  current  in  the  case  of  the  dielectric  without  absorption  is 
SAp  cos  pi.    The  increase  in  capacity  ^C  due  to  absorption  is 
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therefore  given  by 

and  the  phase  di£Ference  is  equal  to  the  angle  9  just  derived. 
From  the  equation 

we  have 

Excluding  therefore  the  case  of  an  oscillatory  charge,  fi  will  be 
real  and  negative  and  ^>-5.  The  term  -—^  will  vary  for  dif- 
ferent  dielectrics. 

An  interesting  consequence  of  the  equation  (21)  for  -y^  is  that 

with  indefinitely  increasing  frequency,  ^C  must  at  length  change 
sign  and  the  capacity  become  less  than  the  value  of  the  capacity 
as  unaffected  by  absorption,  i.  e.,  the  geometrical  capacity,  and 
with  still  greater  frequency,  approach  asymptotically  the  geomet- 
rical capacity. 
The  physical  significance  of  the  equations  (20)  and  (21)  may  be 

seen  from  the  following  considerations.    The  quantity  ^  is  equal 

to  49H/  T*,  where  T  is  the  natural  period  of  vibration  of  the  mole- 
cules, when  acted  on  by  the  elastic  reaction  alone,  friction  being 
supposed  negligible.  Equations  (19)  show  that  the  phase  of  the 
viscous  displacement  lags  behind  that  of  the  applied  electric 
field  by  an  angle  which  increases  with  increasing  frequency,  and 
which  is  greater  the  greater  the  frictional  resistance  to  the  dis- 
placement of  the  molecules.  When  the  frequency  reaches  a  value 
equal  to  that  of  the  natural  frequency  of  vibration  of  the  mole- 
cules under  the  elastic  restoring  forces  (p^P*)  equation  (19) 
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shows  that  the  viscotis  displacement  ^'  lags  behind  the  field  by 
exactly  90*^;  the  energy  is  all  expended  in  suppl}dng  the  frictional 
losses,  and  the  amplitude  of  vibration  is  the  same  as  would  be  the 
case  in  a  perfect  dielectric,  since  there  is  no  component  of  the 
viscous  displacement  in  phase  with  the  field. 

When  Ip^P^) ^he  viscous  displacement  may  be  decomposed  into 

two  components,  one  in  phase  with  the  field,  and  the  other  at  right 
angles  with  it.  The  latter  is  the  component  which  overcomes 
the  friction,  while  the  former  increases  the  ideal  displacement  or 

is  subtracted  from  it  according  as  =  is  less  than  or  greater  than  P'. 

There  is  no  experimental  evidence  in  support  of  such  a  law  of 
change  of  capacity  with  the  frequency. 

From  the  nature  of  the  observed  curves  of  capacity,  and  from 
the  fact  that  Curtis  found  good  agreement  between  the  limiting 
value  of  the  capacity,  with  increasing  frequency,  as  extrapolated 
both  from  direct  current  and  alternating  current  measurements, 
it  does  not  seem  reasonable  to  suppose  that  (21)  actually  repre- 
sents the  facts.  If,  however,  it  is  ever  found  that  with  increas- 
ing frequency  the  capacity  reaches  a  certain  minimum  value,  and 
then  rises  slowly  to  a  limiting  value,  this  very  simple  theory  will 
receive  a  valuable  support. 

b^     a 
Beyond  the  condition  pi>pf  the  values  of  the  constants  in  the 

formula  (21)  are  unrestricted,  but  notwithstanding  this  freedom 
of  choice  of  their  values  the  observations  do  not  appear  to  follow 
the  law  in  question. 

3.  FBLLAT'S  THEORY 

Pellat  assumed  *•  that,  when  a  field  of  strength  Eo  is  impressed 
on  a  dielectric,  the  displacement  instantaneously  takes  up  the 

value  D  =  — Ep,  where  K  is  the  dielectric  constant,  and  then 
increases  logarithmically  toward  a  final  value  (i+e)  times  as  great, 

^ » 

u  Ann.  Chim,  et  Fhys.,  18,  p.  150,  1899. 
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$  bemg  small  compared  with  miity.    That  is 


and  therefore 


A-^£.[i  +  (i-e-)«]  (22) 


I>.-£e.(i+«). 


Accordingly 


dPt 

dt      """       4w 


ae'^&t^am^D,).  (23) 


That  is,  the  rate  of  increase  of  the  displacement  at  any  moment 
is  proportional  to  the  difference  between  the  final  value  and  that 
existing  at  the  time  in  question.  Such  a  law  has  been  advocated 
by  several  different  observers  from  work  with  direct  cmrents. 
The  following  extension  of  this  theory  to  the  case  of  a  sinusoidal 
emf  is  adapted  from  von  Schweidler's  valuable  and  comprehen- 
sive article  on  dielectric  theory.'® 

For  any  law  of  variation  of  the  electric  force  with  the  fre- 
quency E|=/ (0, 

A-^'+A'  (24) 

4ir 

where  the  instantaneous  displacement  D'l    is  subject  to    the 
relation 

dDt' 


dt 


^{D^-Dd  (25) 


Dm  being  the  final  value  of  the  displacement  which  would  be 
reached  if  the  electric  field  were  held  constant  at  the  instanta- 
neous value  Et. 
But  from  (22) 

and  hence  and  from  (24)  and  (25) 

»  Ann.  der  Phys.,  24,  p.  7x1;  1907. 
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dD, 


dt 
or 


l.1^e,-dA 


'^+"°-'-^^-  f"*) 


Assuming  now  Et  =£©  sin  pt 


__  +  «i?/  =  _£^sm/>^  (27) 


whose  solution  is 

Z?/-i4e-^+Af  sin  />^+Ar  cos  pt 


where 

M 


The  current  is 


.^dDt_K  dEt^dPt' 


dt      47r  {/^         d/ 
47r  '^        dt 


or  in  the  steady  r^ime 


f  =» ^^ 

49r 


(■+p^)-^+f<i^)-^  <»») 


or 

f  «/cos  ipt  —  ip) 
where 


+«»«» 
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Since  the  emf  is  in  phase  with  the  electric  field,  91  is  the  phase 
difference. 
The  current  in  a  condenser  without  absorption,  acted  upon  by 

a  sinusoidal  emf  is,  as  we  have  seen,  — tt  —  — ^  cos  pt.     We 

dt        4ir  '^ 

find  accordingly  that 


C      p'  +  a' 


(31) 


These  simple  equations  are  not  satisfied  by  the  observations  of 
this  paper,  and  were  also  found  insufficient  by  von  Schweidler. 

4.  MODIFIBD  PBLLAT  THEORY  OF  VON  SCHWEIDLER 

Having  found  that  the  Pellat  theory,  although  in  qualitative 
agreement  with  the  observed  phenomena  in  dielectrics,  did  not 
represent  his  measurements  quantitatively,  von  Schweidler  went 
a  step  further,  and  made  the  assumption  that  the  law  of  change 
of  the  absorbed  charge,  instead  of  being  expressed  by  a  single 
exponential  term  as  in  Pellat's  theory,  may  be  represented  by  a 
series  of  such  terms,  viz: 


^'=i§{^+^(^-^-')] 


and  that  as  a  consequence 

^C_    ff,'e,  of,'c,         a,\  ,. 

C      p'  +  a*     p*  +  a*     p^  +  a*^'-"  ^-^  * 

In  its  greatest  generality  the  number  of  these  terms  may  be 
supposed  infinite,  the  constants  nr<  having  values  varying  con- 
tinuously between  o  and  00 .  The  factors  €|  corresponding  will 
be  functions  of  a,  f{a) ,  so  that  we  may  write 


'''■iH^^-'J7^"^^^-'*"'H 
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and  consequently 

The  function  /  (a)  being  determined  from  the  observations. 
Viewed  mathematically  von  Schweidler  has  thus  introduced  into 
Pellat's  equation  for  the  change  of  displacement  with  the  time, 
a  sufficient  number  of  constants  to  represent  the  complicated 
empirical  function  derived  from  the  observations.  To  meet  the 
objection  that  this  may  appear  as  nothing  more  than  "an  arti- 
ficial, purely  mathematical  fiction,"  von  Schweidler  goes  on  to 
show  that  his  assumption  is  capable  of  a  simple  physical  inter- 
pretation. This  exposition  of  his  theory  is  given  so  clearly  and 
concisely  by  von  Schweidler'*  that  it  has  seemed  well  to  reproduce 
a  translation  of  the  same  at  length  below.     He  says . 

The  molecules,  which  according  to  the  election  theory  consist  of  complexes  of 
ions,  may  be  regarded  as  resonators,  in  that  the  ions  when  displaced  from  their  equi- 
librium positions  possess  definite  natural  periods  of  vibration.  The  phenomena  of 
normal  and  abnormal  dispersion  of  electric  waves,  together  with  the  accompanying 
phenomena  of  absorption,  are  treated  from  this  standpoint  in  the  modem  theory. 

In  addition,  now,  to  molecules  whose  ions  possess  a  definite  period  of  vibration 
and  a  definite  damping,  we  may  suppose  others  to  be  present  whose  damping  is  so 
great  that,  instead  of  oscillating,  their  motion  is  aperiodically  damped.  Under  the 
influence  of  a  suddenly  applied  constant  electric  field  these  approach  a  new  equili- 
brium position  in  such  a  way  that  their  deviation  from  the  latter  diminishes  as  the 
exponential  function  r-^. 

The  molecular-physical  signification  of  the  Pellat  theory  is,  according  to  this  point 
of  view,  as  follows:  In  addition  to  those  molecules  which  as  resonators  of  definite 
(very  small)  period  of  oscillation  follow  the  relatively  slowly  changing  electric  fields 
without  an  appreciable  difference  of  phase,  there  are  also  present  in  an  anomalous 
dielectric  still  other  molecules  in  which  the  displacement  of  the  ions  takes  place 
aperiodically  damped,  the  constant  a  of  the  above  formula  having  the  same  value 
for  all  the  molecules.  The  quantity  t  shows  in  what  ratio  the  flux  of  the  displace- 
ment of  these  aperiodically  damped  molecules  stands  to  that  of  the  molecules  whose 
motion  is  oscillatory. 

In  the  modified  theory  the  assumption  is  made  that  not  only  ong  kind  of  such 
aperiodically  damped  complexes  of  ions  with  a  definite  time  constant  a  is  present, 
but  on  the  contrary  that  a  large  number  of  different  kinds  having  different  time  oon- 

"  Ann.  der  Phys.,  24,  pp.  747-748;  1907. 
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stants  ari  axe  ooncemed,  the  number  per  unit  volume  of  each  kind  being  proportional 
to  the  quantity  t\. 

Going  a  step  further,  the  possible  values  <A  the  damping  may  be  regarded  as  vary- 
ing continuously,  and  the  function  «»/  (a)  shows  according  to  what  law  these  mole- 
cules are  distributed  as  a  varies  continuously  between  o  and  00 . 

The  decomposition  of  an  empirically  given  function  into  a  sum  of  dmple  expo- 
nential functions  corresponds  &en  physically  to  a  separation  of  the  effects  which 
are  produced  by  different  groups  of  molecules  of  the  same  kind. 

To  completely  determine  the  distribution  e  of  the  apexiodically 
damped  molecules  as  a  ftmction  of  the  time  constant  a — ^that  is,  to 
determine  the  form  of  /  (ar)  in  the  equations  (34)  and  (35)  from 

the  observed  curves  of  —^  and  tan  91  is  probably  impossible,  and 

von  Schweidler  seems  to  have  made  no  comparison  of  his  results 
(found  with  steady  currents)  with  the  theory  just  exposed.  It 
appeared  worth  while,  however,  to  the  author  of  the  present 
paper  to  attempt  to  determine  a  finite  number  of  constants  in 
the  formulas  (34)  and  (35),  and  the  results  obtained  show  the 
adequacy  of  a  few  terms  of  the  modified  Pellat  theory  to  represent 
empirically  the  observations  of  this  paper.  Before  giving  the 
constants  thus  foimd  for  some  of  the  condensers  here  studied  we 
will  consider  more  closely  the  method  used  in  calculating  the  ar's 
and  €*s. 

(a)  MBTHOD  OF  CALCULATmO  THB  CONSTAinS 

We  are  met  at  the  start  with  the  difficulty  that  the  capacity 

curves  do  not  give  us  -p^  directly,  since  the  limiting  or  geometrical 

capacity  is  not  known.  The  first  method  which  suggests  itself  is 
to  calculate  or^,  a„  ofj, . . . .  and  Cj,  €3,  63, ... .  from  the  ciu^e  of  the 
change  of  phase  difference  with  the  frequency,  the  2n  tmknowns 
being  determined  from  the  2n  simultaneous  equations  formed 
from  the  2n  meastired  ordinates  of  the  ciu^e.  The  form  of  these 
equations  is,  however,  too  complicated  to  make  this  practically 
feasible  even  if  these  curves  were  free  from  the  effect  of  internal 
resistance.     The  capacity-frequency  curves  give  us  the  differeruxs 

in  the  quantity  -^  with  different  frequencies,  but  the  equations 

connecting  these  observed  values  with  the  a^s  and  cV  are  not 
simple  enough  to  render  hopeful  the  solution  of  the  simultaneous 
equations  formed  from  these  observations. 
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The  problem  appears  to  be  incapable  of  an  exact  solution  with- 
out at  least  prohibitive  labor.  A  number  of  methods  for  obtain- 
ing an  approximate  solution  were  tried,  with  the  result  that  it 
seems  best  to  assume,  first,  probable  values  of  the  a's  and  then  to 
solve  for  the  e's  from  the  capacity  curves.  The  values  found  are 
then  used  to  calculate  the  phase  differences  at  varying  frequen- 
cies, and  the  curve  thus  derived  is  compared  with  the  observed 
curve.  If  necessary,  the  a*s  are  corrected  by  trial  and  the  solu- 
tion repeated  until  the  calculated  values  of  the  phase  difference 
are  in  su£Sciently  good  agreement  with  those  observed. 

In  the  scheme  finally  adopted  the  ordinates  of  the  capacity 
curve  were  meastu-ed  at  the  frequencies  33K»  100,  300,  and  900 

cycles.     From  these  the  differences  in  the  quantity  -^  is  obtained 

for  the  frequency  intervals  33K~ioOi  100-300,  and  300-900,  thus 
giving  three  values  S^,  fi,,  8j.     Now,  supposing  for  the  moment 

that  we  have  only  one  term  in  the  equation  (32)  for  — ^  we  find  for 

frequencies  corresponding  to  values  />,  a/>,  a'/>,  and  cfp 


where  a;  =    •     Therefore  using  only  one  term 


=  i?'e  (37) 


74336°— la- 
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In  the  actual  case  chosen  we  may  consequently  write: 

^^D,\+D,\+D,%  (38) 

where  the  quantities  Z?j,  Z?„  Z?,  are  found  from  D  by  giving  to  x 

the  successive  values  x,  =  ~,  ^«»^,  etc.,  and  similarly  the  coefl&- 

P  P 

dents  Z?/,  Z?,',  D,"  and  Z?/',  Z?,",  Z),"  are  derived  from  D'  and  Z?". 

These  coefficients  may  be  calculated  and  tabulated  for  various 

values  of  the  x's,  and  such  a  table  has  been  found  to  expedite 

the  work  greatly. 

Having  now  assumed  certain  values  of  the  ar's,  and  therefore 
for  the  jc's,  we  write  out  the  equations  (38) ,  taking  the  coefficients 
D  from  the  table,  and  solve  for  the  values  of  c^,  c,,  and  ^. 

The  phase  differences  <pi,  9>,,  9>„  and  <p^  corresponding,  to  the 
frequencies  33>^,  100,  300,  and  900  cycles  may  then  be  calculated 
from  the  equations 

tan,'. .    y^       ,  + ^^^— v+  9*.*. 


1  +Xi»(i  +ej     I  +9x,»(i  +0     1  +8i*,»(i  +^ 


tan^.  =  — -9|i!l_  +  __^_V,+        *»^ 


(39) 


tan  9,^ fZ£l!j__+__9^^__+       3*.^ 


729+*,»(i+€,)     8i+x,»(i+0     9+«i*(i+0- 

In  all  cases  except  for  condensers  of  large  absorption  it  will 
be  found  that  the  «'s  are  small  with  respect  to  tinity,  so  that 

tables  may  be  formed  of  the  coefficients  — ^.  — ^^  ..  etc.,  cor- 

responding  to  different  values  of  «„  a„  and  a,  with  a  consequent 
saving  of  time. 

The  whole  difficulty  Ues  in  the  determination  of  the  a's.  A 
rough  approximation  to  their  values  may  be  obtained  from  the 
capacity-frequency  curves,  on  the  assumption  that  the  change  of 
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capacity  at  each  point  is  represented  principally  by  the  changes 

of  a  single  term  in  the  expression  (32)  for  -^.    For  example,  we 

may  assume  that  the  shape  of  the  curve  near  33  >^  cycles  is  mainly 
dependent  on  the  value  of  ar^  alone,  the  shape  near  100  cycles  on 
cc^  alone,  etc.  Measuring  ordinates  at  frequencies  corresponding 
to  p^  apt  and  bp,  we  find  from  the  curve  their  differences. 


8.' 

"(1 

«*(o*-i)      ,    ./         x»(6»-a») 
+«»)(a»+«»)    '    •      (a»+«»)(6»+«») 

and 

*"V    &*-a*  H-**' 

Therefore 

where 

• 

Af^"'-' 

On  applying  this  process  to  the  curves  of  this  paper,  it  was 
found  that  the  underlying  assumption  is  only  in  a  general  way 
true.  Fortunately,  excepting  for  the  value  of  the  smallest  time 
constants  a^,  quite  extensive  changes  in  the  a's  produce  relatively 
small  changes  in  the  calculated  values  of  the  phase  differences. 
In  the  single  instance  of  a,,  the  rough  values  found  by  the  above 
method  from  the  capacity-frequency  curve  are  invariably  too 
large  to  give  the  observed  value  of  the  phase  difference  at  the 
smallest  frequency,  33  cycles.  This  is  explained  by  the  fact  that 
the  character  of  the  capacity  curve  is  changing  so  rapidly  in  this 
region  of  frequencies  that  if  intervals  of  frequency  be  selected 
large  enough  to  carry  through  the  method  already  described,  the 
value  found  corresponds  to  an  actual  frequency  so  much  larger 
than  that  for  which  the  value  of  a^  is  required  that  the  calculated 
value  is  not  applicable.  It  also  appears  that  the  curve  of  phase 
difference  at  the  lower  frequencies  is  more  sensitive  to  changes  in 
the  value  selected  for  a^  than  is  the  capacity  curve.    The  natural 
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suggestion  that  the  a*s  should  be  calculated  from  the  shap^  of  the 
phase  difference  curve  did  not  prove  to  be  of  advantage,  since 
the  phase  difference  curve,  in  addition  to  the  errors  of  its  determi- 
nation, is  subject  to  an  uncertain  error  due  to  the  internal  resist- 
ance of  the  condenser,  as  already  pointed  out  (p.  517). 

The  determination  of  the  constants  reduces,  therefore,  to  a 
process  of  cut  and  try.  The  a's  were  obtained  roughly,  as  already 
described,  from  the  capacity  curve,  the  simultaneous  equations 
for  the  €'s  written  down  in  terms  of  these  values  of  the  a%  and 
solved  for  €j,  e,,  and  ^.  The  phase  difference  curve  corresponding 
to  this  first  approximation  was  usually  found  to  fit  the  observed 
curve  very  well  excepting  at  the  lower  frequencies,  where  it  was 
occasionally  as  much  as  20  per  cent  in  error.  Assuming  for  €, 
and  €3  the  values  just  found,  an  equation  involving  c^  and  a^  alone 
may  be  written  down,  both  for  the  change  of  capacity  and  for 
tan  <pi.  Different  values  of  or,  are  then  assumed,  the  values  of  e^ 
corresponding  calculated,  and  thence  9^1.  By  interpolation  a 
value  of  a^  is  quickly  obtained  which  satisfies  both  curves,  and 
with  this  value  the  solution  for  e^  e,,  €„  is  repeated.  It  is  in 
some  cases  found  necessary  to  slightly  change  the  values  of  ar, 
and  ar,  to  fit  the  observations  a  little  more  exactly.  This  method 
is  applicable  to  the  determination  of  a  greater  number  of  con- 
stants, so  that  the  calculated  curve  may  pass  through  a  greater 
number  of  observed  points.  Several  curves  were  thus  treated, 
and  values  of  Cj,  €,,  €3,  .  .  .  c^  and  or,,  or,,  a^,  .  . .  .  a^  obtained.  No 
further  light  on  the  behavior  of  the  condensers  was,  however, 
thus  obtained,  and  the  difficulties  of  the  solution  of  the  problem 
are  much  increased. 

(b)  CALCULATED  RESXTLTS 

In  Table  IV  are  given  the  results  of  the  calctdation  of  the  con- 
stants of  a  number  of  the  condenser  curves. 

In  the  third  and  fourth  columns  of  the  table  are  given  the  values 
of  the  constants  a  and  e  for  the  various  condensers.  In  the  fifth 
column  are  the  values  of  the  phase  difference,  calculated  there- 
from, and  in  the  sixth  column  the  values  observed.  The  differ- 
ences between  the  observed  and  computed  values,  given  in  the 
seventh  colimm,  are  roughly  proportional  to  the  frequency,  and 
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the  values  of  the  internal  resistance  calculated  from  the  differ- 
ences are  in  fair  agreement,  in  the  majority  of  the  cases,  with  those 
obtained  by  the  other  method  above.  Whereas,  in  that  instance, 
it  was  assumed  that  the  ctuires  of  phase  difference  should  fall 
with  the  increasing  frequency,  these  calculations  show  that  this 
assumption  is  subject  to  some  modification  with  Mp  and  S^q,  and 
the  observed  etudes  show  apparent  anomalies  which  are  in  agree- 
ment with  the  calculated  form  of  ctuire. 

In  the  ninth  column  are  calculated  the  differences  between  the 
observed  capacity  and  the  geometrical  capacity  in  terms  of  the 
latter.    These  are  found  by  substituting  the  calctilated  values  of 

the  flr's  and  c's  in  the  equation  (32)  for  --^.     It  may  be  objected 

that  this  extrapolated  value  is  open  to  doubt.  It  is,  however, 
true  in  every  instance  that  the  capacity  falls  only  slowly  above 
1000  cycles,  and  Curtis  ^  has  shown  that  the  capacity  extrapolated 
over  the  range  of  periods  between  o.ooi  second  and  zero  is  in  good 
agreement  with  the  value  extrapolated  from  the  curve  of  capacity 
with  different  discharge  periods  and  with  steady  current. 

It  is,  further,  a  fact  that  the  geometrical  capacity  thus  derived 
is  not  very  largely  dependent  on  quite  considerable  errors  in  the 
constants  ar,  and  ^„  on  which  it  rests.  It  seems,  therefore,  prob- 
able that  the  value  of  the  geometrical  capacity  thus  calculated  is 
at  least  a  fair  approximation  to  the  correct  value,  and  in  lieu  of 
accurate  methods  for  the  direct  determination  of  this  important 
quantity,  this  method  has  much  to  recommend  it. 

An  examination  of  the  relations  between  the  various  constants 
of  the  condensers  enables  us  to  draw  some  important  conclusions 
regarding  the  observed  ciu^es  in  the  Ught  of  the  modified  Pellat 
theory. 

(c)  DISCUSSION  OF  OBSERVATIONS  IN  THB  UOHT  OV  TmS  THBORT 

The  condenser  txt  is,  we  have  seen,  tjrpical  of  a  class  of  condensers 
which  includes  C/>,  Lp^Be^^,  Be^^  and  t,.  In  all  of  these  mole- 
cules are  present  whose  time  constants  -  cover  a  wide  range  of 

**  This  Bulletin,  6,  p.  48a;  19x0. 
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values.  Although  the  number  present  is  large  with  both  large 
and  small  values  of  a,  those  with  strong  damping  (large  time  con- 
stant) predominate.  As  the  temperatiu-e  rises  the  number  of 
aperiodically  damped  molecules  of  all  degrees  of  damping  increases 
rapidly,  but  at  a  greater  rate  in  the  case  of  the  small  values  of  a 
(strong  damping)  than  for  the  more  feebly  damped.  As  a  conse- 
quence the  phase  difference  rises  with  the  temperature,  and  most 
rapidly  at  the  lower  frequencies. 

The  behavior  of  the  better  condensers  is  not  simple,  although  it 
is  satisfactorily  explained  by  the  modified  Pellat  theory.  With 
Mp,  for  example,  the  number  of  aperiodically  damped  molecules  is 
small  at  the  observed  temperatures.  At  15°  the  nmnber  is  largest 
with  small  and  medimn  values  of  or.  As  the  temperatiu-e  rises 
to  25®  the  feebly  damped  molecules  increase  more  rapidly  in  num- 
ber than  those  with  small  values  of  a.  The  siun  total  of  aperiodi- 
cally damped  molecules  is  not,  however,  very  different  at  the  two 
temperatures,  which  gives  an  explanation  of  the  fact  that  the 
phase  difference  remains  nearly  constant  over  this  range  of  tem- 
perature, except  at  the  higher  frequencies,  where  the  increase  of 
the  number  of  feebly  damped  molecules  has  its  greatest  effect 
in  changing  the  phase  difference.  Another  result  of  this  peculiar 
change  in  the  distribution  of  the  molecules  is  to  give  a  greater 
capacity,  relatively  to  the  geometrical  value,  for  a  frequency  of 
900  cycles,  at  25®  than  at  15®.  Unfortunately  the  enormous 
temperature  coefficient  of  the  capacity  of  this  condenser  in  the 
neighborhood  of  35®,  taken  in  connection  with  the  uncertainties 
in  the  measiu-ement  of  the  temperatiu-e  in  this  region  (see  p.  509) 
prevented  a  trustworthy  determination  of  the  constants  in  the 
case  of  the  curve  at  35®. 

In  the  case  of  S^^  at  15^  the  number  of  molecules  of  smaU  time 
constant  are  actually  more  nmnerous  than  those  of  large  time 
constant,  and  the  phase  difference  increases  with  increasing 
frequency  until  300  cycles  is  reached,  after  which  it  begins  to  fall 
off  as  in  the  usual  run  of  condensers.  As  the  temperature  is 
raised,  however,  the  number  of  strongly  damped  molecules  rapidly 
increases,  while  at  the  same  time  those  with  small  damping 
become  less  numerous,  so  that  at  35^  we  have  the  nearly  normal 
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curve  of  phase  difference,  except  that  its  fall  with  the  frequency 
is  a  little  retarded  in  the  region  of  from  100  to  300  cycles.  The 
capacity  of  this  condenser  relatively  to  the  geometrical  capacity 
is  unlike  that  of  Mp,  larger  at  15^  and  a  frequency  of  900  per 
second  than  at  25^  and  the  same  frequency. 

The  facts  are  with  5,  very  much  the  same  as  in  the  preceding 
case,  except  that  at  15®  the  feebly  damped  molecules,  although 
numerous,  are  overbalanced  by  those  which  are  strongly  damped. 
At  35**  the  number  of  feebly  damped  molecules  has  appreciably 
decreased,  causing  a  decrease  of  capacity  at  900  cycles  (rela- 
tively to  the  geometrical  capacity  at  the  temperature  in  question) 
in  going  from  15**  to  35**.  The  phase  difference  curve  at  35°  is  of 
quite  the  usual  form. 

The  constants  of  the  mica  condenser  B  are  appended  for  com- 
parison. The  calculated  ciuve  of  phase  difference  fits  the  observed 
very  exactly  over  the  whole  range  of  frequency,  indicating  that 
the  internal  resistance  of  the  condenser  taken  in  connection  with 
its  small  capacity  (o.i  mf)  is  not  large  enough  to  appreciably 
affect  the  measured  values  of  the  phase  difference. 

From  what  has  gone  before,  we  see,  therefore,  that  all  the  pecul- 
iarities of  the  observed  curves  may  be  accounted  for  by  the 
theory  with  the  aid  of  quite  nattiral  assumptions.  The  nature  of 
the  phenomena  taking  place  in  an  imperfect  dielectric  are  sum- 
marized thus : 

In  a  perfect  dielectric  the  molecules  (by  which  name  we  will 
designate  complexes  of  ions  in  general)  which  have  very  high 
frequencies  of  vibration  and  small  damping  are  in  continual 
vibration,  but  their  equilibrium  positions  follow  the  relatively 
slow  changes  of  the  applied  electric  field  without  sensible  retarda- 
tion. 

If,  due  to  some  cause,  molecules  be  present  whose  motion  is 
aperiodically  damped,  the  displacements  of  these  anomalous 
molecules  will  lag  in  phase  behind  the  changes  of  the  field,  giving 
rise  to  a  loss  of  energy  in  the  dielectric,  and  an  increase  in  the 
effective  value  of  the  capacity  of  the  condenser.  The  dielectric 
is  to  be  regarded  as  imperfect. 

In  a  nearly  perfect  dielectric  the  number  of  these  aperiodically 
damped  molecules  will  be  small,  and  their  damping  will  be  feeble. 
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The  distribution  of  these  anomalous  molecules  as  a  function  of  the 
damping  will  vary  with  different  condensers.  In  general  it  may 
be  said  that  the  greater  the  proportion  of  the  molecules  of  feeble 
damping  the  more  important  the  absorption  effects  at  high  fre- 
quency,  the  effects  of  the  molecules  of  strong  damping  being 
more  pronounced  at  the  lower  frequencies. 

We  have  thus  the  case  of  relatively  good  condensers — ^few 
anomalous  molecules,  with  relatively  small  damping.  In  the 
mica  condenser  B  these  molecules  are  distributed  over  a  large 
range  of  damping,  those  of  strong  damping  being  predominant, 
but  the  number  present  of  all  degrees  of  damping  is  small.  The 
condition  of  affairs  with  the  condenser  Mp  at  the  lower  tempera- 
ture is  much  the  same,  only  the  number  of  anomalous  molecules 
present  is  larger  than  with  the  mica  condenser.  With  5,  and  5io 
the  proportion  of  feebly  damped  molecules  is  larger,  as  is  also  the 
total  number  present  of  all  degrees  of  damping. 

As  the  temperattu^  rises  the  tendency  in  all  these  better  paper 
condensers  is  for  the  proportion  of  the  feebly  damped  molecules 
to  increase  to  a  maximum  while  the  stun  total  changes  but  slowly. 
(See  Mp.)  When,  however,  this  maximum  has  been  reached, 
the  number  of  strongly  damped  molecules  becomes  increasingly 
important.     (See  5,  and  Si©.) 

With  increasing  temperature  a  point  is  at  length  reached 
where  the  total  number  of  aperiodically  damped  molecules  is 
very  appreciable,  those  of  strong  damping  being  present  in  the 
largest  proportions,  and  not  only  does  the  total  number  increase 
as  the  temperature  rises  still  ftuther,  but  the  relative  increase  is 
larger  with  the  strongly  damped  than  with  the  feebly  damped 
molecules.  This  last  phase,  which  is  illustrated  by  the  better 
condensers  at  relatively  high  temperatures,  is  characteristic  of 
the  poorer  condensers  at  room  temperatures.  There  is  experi- 
mental evidence  to  lead  to  the  belief  that  at  suflSdently  low  tem- 
perattires  these  latter  condensers  would  also  behave  like  the  con- 
densers Mp,  Sj,  5io,  etc. 

5.  HOPKINSON'S  THEORY  OF  ELASTIC  AFTER  EFFECT 

In  1876  Hopkinson  advanced  the  theory  that  the  phenomena 
of  absorption  owe  their  origin  to  strains  in  the  medium  which 
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persist  after  the  removal  of  the  cause  which  gives  rise  to  them. 
This  idea,  which  was  suggested  to  him  by  Maxwell,  Hopkinson 
treats  in  a  mamier  similar  to  that  adopted  by  Boltzmami^  in 
1874  in  the  developement  of  the  theory  of  the  after  e£fects  of 
mechanical  strain. 

If  0t  be  the  angle  of  torsion  of  a  wire  at  the  time  t,  the  couple 
acting  is  not  only  proportional  to  this  angle  but  previous  strains 
have  also  an  effect.  The  effect  of  an  angle  of  torsion  0t^„  at  a 
time  09  seconds  previous  will  depend  en  the  angle  of  torsion,  the 
length  of  time  during  which  it  persisted,  cb»,  and  decays  with  the 
time  in  the  manner  given  by  some  function  f{»)  of  the  interval 
which  has  elapsed  up  to  the  time  /  under  consideration. 

The  torque  L  is  therefore  given  by  the  equation 

L^aOf  \0,^fi(o)dw 


By  analogy  Hopkinson  wrote,  therefore, 

Xt^Vi-  \    yt^^9>{<o)d(o  (40) 

where  Xt  =  the  potential  between  the  terminals  at  the  time  t  and 

yi  —  the  surface  integral  of  the  displacement,  divided  by  the 

geometrical  capacity,  and  he  then  went  on  to  apply  this  equation 

to  his  measurements  with  a  steady  applied  electromotive  force. 

Let  us  now  adapt  this  hypothesis  to  the  case  of  alternating 

cturents.     In  an  ideal  dielectric  the  displacement  is  given  by 

EJC 
D^—^—  sin  pt,  where  Eo  is  the  amplitude  of  the  electric  field. 
47r 

The  actual  displacement  in  the  imperfect  dielectric  is  greater  by 
an  amount  D\  which  is  the  integral  of  the  residual  displacements, 
due  to  the  previous  values  of  the  applied  ejnf .  At  any  time  t 
seconds  previous  to  the  time  under  consideration,  the  emf.  exist- 
ing at  that  time  would  produce  an  residual  effect  proportional  to 
its  value  Eo  sin  p  (/  —  t)  ,  and  to  the  time  dr  during  which  it  was 
applied,  and  this  displacement  would  fall  off  according  to  some 

*"Wien.  Ber.  II,  70,  Oct.,  1874. 
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function  of  the  elapsed  time  t.     We  can  write  therefore 


-r 


4" 


If  we  now  make  the  assumption  that  the  residual  displacements 
decay  according  to  a  simple  exponential  law,  and  set  /(t)  =  oree"" 
we  find,  remembering  that 

re—*  sin  p{i-r)dT'^  T  e^^^eT^  sm  pTdT 
t/— « 

the  total  displacement  D  will  be  given  by 

p.    EoK   .    ^,  .  EoK     fa  sin  pt-p  cospil 

The  current  i  may  be  found  at  once 

from  which  the  capacity  C  is  given  in  terms  of  the  geometrical 
capacity  C©  by  the  relation 

and  the  phase  difference  is 

.  aep 

These  are  seen  to  be  Pellat's  equations,  as  applied  to  alternating 
cturents,  and  if  instead  we  had  assumed  a  steady  applied  electro- 
motive force  we  would  have  found  for  the-  displacement 

which  is  Pellat's  initial  equation  (22). 

According  to  this  way  of  looking  at  the  matter,  we  have  that 
the  constant  a  is  analogous  to  the  reciprocal  of  the  coefficient  of 
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viscosity,  while  e  finds  its  analogy  in  the  reciprocal  of  Young's 
modulus. 

Hopkinson  did  not,  however,  find  evidence  of  such  a  simple 
law  as  the  above.  We  find  the  following  statement  in  his  Scien- 
tific Papers,  page  2  (Phil.  Trans.  166,  II,  p.  490,  1876) : 

The  jar  was  slightly  duaged  and  insulated,  and  the  potentials  read  ofif  from  time  to 
time.  It  was  found  (i)  that  even  after  24  hours  the  percentage  of  loss  per  hour  con- 
tinued to  increase,  (3)  that  the  potential  could  not  be  expressed  as  a  function  of  the 
time  by  two  exponential  terms.  But  the  latter  fact  was  more  clearly  shown  by  the  rate 
of  development  of  the  residual  charge  after  different  periods  of  discharge,  which  put 
it  beyond  doubt  that  if  the  potential  is  properly  expressed  by  a  series  of  exponential 
terms  at  all,  several  such  terms  will  be  required. 

Later,  when  developing  his  theory  of  elastic  after  eflfect,  he 

says:  "  It  should  be  noted  that  the  view  of  this  subject  adopted 

»by  the  author  in  a  previous  paper  can  be  included  in  equation  (2), 

(here  equation  (40)),  by  assuming  that  f{w)  is  the  sum  of  a  series 

of  exponentials." 

We  see,  therefore,  that  if  the  most  obvious  assumptions  be 
made  in  Hopkinson 's  theory  with  regard  to  the  law  of  decay  of 
the  elastic  after  effects,  we  are  led  mathematically  to  PeUat's 
theory  and  von  Schweidler's  modification  of  the  same. 

IIL  SUMMARY  AND  CONCLUSION 

The  principal  results  of  this  investigation  may  be  summarized 
as  follows: 

1.  The  capacities  and  phase  differences  of  13  commercial  paper 
condensers  by  different  English,  French,  German,  and  American 
makers  were  measured  at  temperatures  ranging  from  lo**  to  35**, 
and  at  frequencies  lying  between  33  and  1000  cycles  per  second, 
using  bridge  methods  previously  developed  at  the  Bureau  of 
Standards  and  only  briefly  touched  upon  here. 

2.  The  results  of  these  measurements  are  presented  in  26  curves, 
which  show,  for  each  of  the  condensers  studied,  the  change  of 
capacity  and  phase  difference  with  change  of  temperature,  and 
the  variation  of  the  capacity  and  phase  difference  with  change  of 
frequency,  the  corresponding  curves  of  a  representative  mica 
condenser  being  appended  for  sake  of  comparison.  These  curves 
show  that  the  changes  of  capacity  and  phase  difference  mth 
changes  of  temperature  and  frequency  are  much  larger  than  the 
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corresponding  changes  with  mica  condensers.  In  general,  these 
effects  of  temperature  and  frequency  are  larger  the  larger  the 
absolute  value  of  the  phase  difference.  They  are,  however,  sub- 
ject to  no  simple  laws.  (For  the  more  detailed  discussion  of  the 
results  of  the  etudes,  see  p.  5 1 4  et  seq.) .  Paper  condensers  are  not 
suitable  to  serve  as  standards  of  capacity,  and  should  not  be 
employed  in  aliernating-curreni  work,  where  it  is  desired  that  the 
capacity  shall  remain  constant,  except  when  a  careful  study  of 
the  condenser,  under  different  conditions  of  temperattu-e  and 
frequency,  has  shown  that  a  satisfactory  constancy  may  be 
expected.  The  use  of  paper  condensers  for  direct-current  meas- 
urements is  to  be  condemned. 

3.  The  phase  differences  observed  lie  between  6  minutes  and 
the  enormous  value  of  22^.  A  phase  difference  of  several  degrees 
is  not  tmcommon  in  commercial  telephone  condensers.  It  is 
shown  that  the  internal  resistance  of  the  plates  and  leads  of  a 
paper  condenser  are  often  large,  especially  in  the  case  of  telephone 
condensers  made  by  rolling  up  together  sheets  of  tin  foil  and  paper. 
In  one  example  the  energy  loss  in  the  condenser,  external  to  the 
dielectric,  is  at  1000  cycles  three  times  as  great  as  the  energy 
loss  in  the  dielectric. 

4.  The  observed  curves  are  discussed  in  the  light  of  the  follow- 
ing theories  of  absorption:  Maxwell's  theory  of  a  heterogeneous 
dielectric,  Houllevigue's  theory  of  a  viscous  frictional  loss  of 
energy,  Pellat's  theory,  and  von  Schweidler's  modification  of  it, 
and  Hopkinson's  theory  of  elastic  after  effects.  In  each  case  the 
expressions  for  the  capacity  and  phase  difference  are  derived, 
assuming  the  wave  of  emf  to  be  sinusoidal. 

5.  It  is  shown  that  Hopkinson's  theory,  subject  to  the  assump- 
tions made  by  its  author,  is  mathematically  equivalent  to  von 
Schweidler's  modified  Pellat  theory. 

6.  Of  all  the  theories  examined  that  of  von  Schweidler  only  could 
be  made  to  give  quantative  results  in  agreement  with  the  obser- 
vations. In  this  theory  the  difference  in  phase  between  the  cur- 
rent in  an  actual  condenser  and  that  which  would  flow  if  the 
dielectric  were  free  from  absorption  is  asstuned  to  be  due  to 
the  presence  in  the  dielectric  of  molecules  whose  vibrations  are 
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aperiodically  damped.  To  account  for  the  complicated  observed 
relations  connecting  the  capacity  and  phase  difference  with  the  tem- 
perature and  frequency  it  is  only  necessary  to  assume  a  different 
law  of  distribution  of  these  molecules  as  a  function  of  the  time 
constant,  for  each  condenser  and  for  the  same  condenser  at  differ- 
ent temperatures.  It  is  shown  that  the  observed  results  may  be 
represented  with  a  good  d^^ree  of  accuracy  on  the  simple  assump- 
tion that  the  actual  distribution  of  the  aperiodic  molecules  is 
equivalent  to  one  in  which  molecules  of  only  three  different  values 
of  time  constant  are  present.  The  constants  of  a  number  of  the 
observed  curves  have  been  calculated  on  this  assumption,  the 
method  of  their  calculation  being  indicated.  Such  results  give  a 
dear  idea  of  the  reasons  for  apparent  anomalies  in  some  of  the 
curves  in  the  light  of  this  theory.  Perhaps  the  most  important 
application  of  such  calculations  is  to  the  determination  of  the 
value  of  the  geometric  capacity  (the  ideal  value  as  unaffected  by 
absorption) .  This  method  gives  a  valuable  check  on  the  method 
of  extrapolation  described  by  Curtis  (loc.  dt.,  p.  482). 

In  condusion  it  may  be  stated  that  ftulher  progress  in  the  un- 
raveling of  the  obsctu-e  points  remaining  for  solution  in  the  theory 
of  an  imperfect  dielectric  will  probably  best  be  attacked  in  the 
future  by  making  accurate  measurements  of  the  nature  of  those 
in  this  investigation  on  condensers  constructed  under  known  and 
carefully  controlled  conditions.  For  example,  it  is  important  to 
make  measurements  on  ptue,  homogeneous  substances  in  the  solid 
or  liquid  form,  to  settle  the  question  whether  such  substances  are 
entirely  free  from  absorption,  as  has  often  been  maintained.* 
The  quantitative  effect,  on  the  value  of  the  phase  difference,  of 
known  added  impurities  also  requires  investigation,  and  such 
experiments  will  probably  suggest  other  and  equally  fruitful 
points  for  examination  in  the  light  of  the  dielectric  theory. 

The  author  is  indebted  to  Professor  Rosa  for  valuable  sugges- 
tions in  the  course  of  the  work,  and  to  Mrs.  Grover  for  assistance 
in  making  the  observations. 

Washington,  February  28,  191 1. 

>' Rowland  and  Nichols.  Phil.  Mag.  (5),  11,  p.  414;  1881.    Muraoka,  Wied.  Ann., 
40,  p.  328;  1890.     Macl^,  Jour,  de  Phys.,  8,  p.  631;  1909. 
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nrrRODUCTioN 

The  so-called  "heat  diagram/'  or  d  <p  diagram,  in  which  the 
state  of  a  mass  of  steam  is  represented  by  a  point  on  a  plane  with 
absolute  temperature  {&)  and  entropy  (9>)  as  rectangular  coor- 
dinates, has  in  recent  years  been  much  used  by  writers  on  tech- 
nical thermodynamics,  and  for  many  purposes  it  is  most  instn|c- 
tive,  though  some  caution  is  needed  in  interpreting  it.  But  for  the 
quantitative  solution  of  problems  in  steam-turbine  design  it  is  by 
no  means  comparable  in  convenience  with  the  "Mollier  diagram" 
or  total  heat  entropy  diagram,  in  which  the  representation  is  on  a 
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plane  with  the  total  heat  (//)  and  entropy  {<p)  as  rectang^ular 
coordinates.  The  idea  of  using  a  surface  with  H^  tp,  and  p  (pres- 
stu-e)  as  rectangular  coordinates  is  due  to  Willard  Gibbs«  H  being 
the  same  as  his  "heat  function"  7.  The  H  <p  diagram  may  be 
regarded  as  the  projection  of  this  surface  on  the  H  <p  plane,  and 
it  was  introduced  to  the  notice  of  engineers  by  Prof.  Mollier,  of 
Dresden,  by  whose  name  it  is  commonly  known. 

The  first  six  sections  of  the  following  paper  serve  as  an  intro- 
duction, for  those  not.  familiar  with  the  subject,  to  some  of  the 
technically  important  properties  of  quantities  H  and  9>  and  of  the 
Mollier  diagram.  The  remainder  of  the  paper  contains  a  discus- 
sion of  the  form,  on  this  diagram,  of  the  expansion  line  for  wet 
steam  flowing  through  a  multistage  ttu-bine  of  known  stage  effi- 
ciency, and  the  development  of  a  practical  method  for  use  by 
designers  for  drawing  the  expansion  line  on  the  H  <p  diagram 
without  the  use  of  the  laborious  step-by-step  method. 

1.  THE  TOTAL-£liBR6T  £QUATION  FOR  SIBADT  FLOW  OF  A  FLUID 

Let  a  fluid  of  any  sort  be  flowing  steadily  along  a  channel 
CoPC  (Fig.  i).  Let  i4o  and  A  be  two  sections  of  the  channel 
which  we  shall  call  the  entrance  and  exit  sections. 


Vq  *o  ^0  ^0  To 


I 
I 

J. 


1>  «  0  E  T 


Fig.  1 


Let  poVoOoEo  be  the  pressure,  specific  volume,  absolute  tem- 
perature, and  internal  energy  per  imit  mass  of  the  fluid  as  it 
crosses  the  entrance  section,  and  let  pvOE  he  the  corresponding 
quantities  at  the  exit  section.  These  are  to  be  averages  over  the 
section,  and  the  variations  from  one  point  to  another  of  the  section 
are  to  be  small. 
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Let  To  be  the  kinetic  energy  per  unit  mass  at  ^4©,  of  the  axial 
component  *  of  the  velocity,  and  T  the  corresponding  quantity  at 
A.  The  channel  at  i4o  and  A  shall  be  varying  in  cross  section  so 
slowly  that  the  kinetic  energy  of  the  radial  velocity  is  negligible. 
If  I  per  cent  of  the  total  kinetic  energy  is  a  negligible  quantity,  a 
total  taper  of  one  in  four,  for  a  cone,  is  permissible,  so  that  no 
severe  demands  are  made  on  the  constancy  of  cross  section  at 
Ao and  A. 

Subject  to  the  foregoing  restriction  in  the  immediate  vicinity  of 
Ao  and  A,  the  shape  of  the  channel  between  Ao  and  i4  is  a  matter 
of  complete  indifference.  There  may,  if  we  please,  be  included, 
as  forming  a  part  of  the  channel  or  completely  inclosed  within  it, 
a  motor  actuated  by  the  flow  of  the  fluid  and  delivering  work 
outside  the  channel,  or  a  pump  actuated  by  the  application  of 
power  from  without  and  doing  work  on  the  fluid.  The  walls  of 
the  channel  must  be  tight  so  as  to  prevent  leakage  of  fluid,  but 
they  need  not  be  thermally  insulating.  The  fluid  may  be  any 
liquid,  vapor,  or  gas,  but  for  concreteness  we  shall  usually  refer  to 
it  as  steam. 

The  first  law  of  thermodynamics,  if  applied  to  the  passage  of  one 
pound  of  steam  from  Ao  to  A,  gives  us  the  following  statement; 
the  total  energy  per  pound — ^internal  plus  kinetic — ^is  increased  by 
the  amotmt  of  the  work  done  on  the  steam  in  crossing  the  entrance 
section  by  the  steam  behind  it,  and  is  decreased  by  the  amount  of 
the  Work  it  does  against  the  steam  ahead  of  it  in  crossing  the  exit 
section,  by  the  work  given  out  by  the  motor,  and  by  any  heat 
which  may  have  been  lost  by  conduction  or  radiation  through  the 
walls  of  the  channel,  which  may  in  places  coincide  with  the  walls 
of  the  motor.     We  thus  have  the  equation 

{E-{'T)'-{Eo-\'To)^poVo-frV'-W-Q  (i) 

in  which  W  is  the  work  done  outside  the  channel  by  the  motor, 
and  Q  is  the  heat  loss,  both  measured  per  pound  of  steam.  The 
work  W  includes  work  done  against  friction  at  any  bearings  which 
are  outside  the  channel.  All  the  terms  in  the  equation  are  to  be 
tmderstood  as  expressed  ia  the  same  units,  e.  g.,  British  thermal 
units  (B.  t.  u.). 

'  See  note  at  the  end  of  this  paper. 
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Rearnmging  equation  (i),  we  have 

r-ro  +  H^-(E+/n;)o-(F+/n;)-0  (2) 

which  is  the  first  fundamental  equation  of  the  theory  of  fluid 
motors.  It  is  applicable  to  regularly  acting  periodic  motors  as 
well  as  to  continuotis-flow  motors  such  as  ttu-bines,  if  the  quantities 
in  the  equation  are  averaged  over  an  integral  number  of  periods  or 
over  any  very  long  time.  Since  no  restriction  has  been  imposed 
upon  the  sign  of  either  W  or  Q,  the  case  of  continuously  or  period- 
ically acting  pumps  is  also  included,  and  the  equation  is,  in  fact, 
valid  for  all  cases  of  steady  or — ^under  the  above  condition  as  to 
averaging — ^periodically  varying  flow  of  any  sort  of  fluid. 

2.  THE  TOTAL  HEAT  OF  STEAM 

The  quantity  (E-\'pv)  has  a  definite  value  for  every  state  of 
the  fluid  in  question  and  has  been  designated  as  '*  heat  of  forma- 
tion at  constant  pressure,"  "heat  contents,"  and  "total  heat." 
We  shall  adopt  the  name  total  heat  and  write 

E-hpv^H  (3) 

The  quantity  to  which  Regnault  gave  the  name  "total  heat," 
and  which  he  measured  for  dry  saturated  steam  is,  for  all  engineer- 
ing ptuposes,  sensibly  identical  with  H  as  just  defined.  The  small 
outstanding  difference  is  due,  first  to  the  fact  that  the  internal 
energy  of  water  at  the  ice  point  is  not  absolutely  though  nearly 
the  same  at  all  presstues;  and  second  to  the  fact  that  the  wdume 
of  water  at  the  ice  point  under  any  given  pressure  is  not  zero 
though  usually  quite  negligible  in  comparison  with  the  volume, 
at  the  same  pressure,  of  an  equal  mass  of  steam  dry  enough  to  be 
suitable  for  use  in  a  steam  motor. 

Values  of  H  for  water  and  for  dry-saturated  steam  are  given  in 
the  steam  tables.  Their  difference  is  evidently  the  heat  of  evapo- 
ration, and  the  value  of  H  for  any  degree  of  dryness,  «,  may  be 
found  by  linear  interpolation  between  the  values  for  water  and 
for  dry  steam  at  the  given  pressure  or  temperature.  For  super- 
heated steam,  the  value  of  H  is  greater  than  for  dry-saturated 
steam  at  the  same  presstu-e,  by  the  amount  of  heat  needed  for  the 
superheating  at  constant  pressure,  which  depends  on  the  specific 
heat  of  superheated  steam  and  is  not  so  well  known  as  might  be 
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desired.  Convenient  tables  for  saturated  and  superheated  steam 
are  given  in  the  "Steam  Tables  and  Diagrams"  of  Marks  and 
Davis '  from  which  all  the  steam  data  used  in  this  paper  have 
been  taken. 

We  may  now  write  equation  (2)  in  the  form 

(T-.ro)+H^+G-Ho-i/  (4) 

The  quantity  (Ho-H)  will,  for  short,  be  called  the  "heat-drop" 
of  the  pound  of  steam  during  its  passage  from  A^to  A. 

The  first  two  terms  of  equation  (4)  represent  a  quantity  of 
mechanical  energy,  hence  the  equation  may  be  read  as  follows: 
The  mechanical  energy  produced  plus  the  heat  lost  to  the  sur- 
roundings, is  equal  to  the  heat-drop  of  the  steam.  It  should  be 
noted  that  it  has  not  been  stipulated  that  the  fluid  shall  flow  with- 
out encountering  passive  resistances  such  as  viscosity.  There 
may  be  as  much  internal  dissipation  of  mechanical  energy  into 
heat  as  we  please,  provided  that  W  represents  work  actually 
deUvered  outside  the  channel,  including  work  against  friction  at 
any  outside  bearings,  and  that  (T— To)  represents  the  actual 
excess  of  kinetic  energy  of  the  axial  component  of  velocity  in  the 
exhaust  at  A  over  that  in  the  feed  at  A^. 

3.  adiabahc  now 

An  adiabatic  change  of  state  is  defined  as  one  during  which  the 
substance  in  question  neither  takes  in  nor  gives  out  heat  through 
its  bounding  surface.  If,  therefore,  there  is  no  heat  leakage 
through  the  walls  of  the  channel,  the  change  of  state  of  the  steam 
between  Ao  and  A  is  adiabatic.  We  may  then  set  Q^^o  and 
equation  (4)  reduces  to 

iT'To)+lV^Ho-H  (5) 

an  equation  which  has  several  immediate  applications  to  familiar 
facts.  For  example,  in  the  case  of  steady  flow,  without  heat  loss, 
through  a  simple  tube  not  containing  a  motor,  the  work  W  is 
zero  and  equation  (5)  says  that  the  increase  of  kinetic  energy  is 
equal  to  the  heat-drop.  This  is  the  case  of  flow  through  a  turbine 
nozzle  or  through  fixed  guide  blades,  if  the  flow  is  so  rapid  or  the 

'  Loognians  Green  and  Co.  1909. 
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channel  so  well  protected  that  the  heat  leakage  is  negligible.  In 
the  case  of  a  properly  designed,  velodty-compotinded,  impulse 
turbine,  working  with  a  constant  presstu-e  within  each  stage,  the 
velocity  and  kinetic  energy  decrease  during  flow  through  the 
intermediate  reversing  guide  blades.  Hence  T,  at  exit  from  these 
blades,  is  less  than  T©,  at  entrance  to  them,  and  H>Ho.  The 
kinetic  energy  dissipated  in  the  guide-blade  channels  thus  appears 
in  the  steam  as  "  reheat "  making  H  larger  than  Ho. 

The  simplest  possible  case  is  that  of  adiabatic  throttUng  or  wire- 
drawing in  which  there  is  neither  outside  work  W  nor  any  sensible 
increase  of  kinetic  energy.  The  whole  first  member  of  equation 
(5)  now  vanishes,  so  that  the  total  heat  of  the  steam  remains 
unchanged  during  its  fall  of  pressure.  Since  for  steam  which 
remains  dry-saturated  the  value  of  H  decreases  with  falling  pres- 
sure, wire-drawing  thus  tends  to  superheat  dry  steam  or  to  dry 
wet  steam,  a  familiar  fact  upon  which  the  action  of  the  "  throt- 
tling calorimeter  "  is  based. 

4.  DISSIPATIVE  FLOW 

The  passage  of  heat  by  conduction  or  radiation  from  one  point 
in  a  body  to  another  involves  a  waste  of  availability  of  the  heat 
thus  usdLessly  let  down  from  a  higher  to  a  lower  temperature. 
The  internal  heating  of  a  body  by  friction  or  viscosity  involves  a 
waste  of  the  mechanical  energy  dissipated  as  work  done  against 
the  passive  resistances  of  friction  or  viscosity.  In  either  case,  the 
original  state  of  the  body,  existing  before  the  waste  took  place, 
can  not  be  reestablished  except  by  interference  from  without; 
and  if  we  take  into  account  all  the  bodies  involved,  the  outside 
bodies  used  as  well  as  the  one  concerned  in  the  original  process, 
the  initial  state  of  all  of  them  can  never  be  reestablished  at  all  by 
any  means  whatever. 

Such  processes  are  known,  in  thermodynamics,  as  "  irreversible  •• 
processes.  No  physical  process  is  entirely  free  from  such  elements, 
and  all  real  changes  are  therefore  irreversible.  But  if  these  waste- 
ful elements  of  the  change  are  relatively  so  insignificant  as  to  be 
of  negUgible  importance,  the  change  is  sensibly  though  never 
exactly  "reversible."    Evidently  any  process  from  which  we 
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desire  to  get  as  much  work  as  possible  should  be  freed  as  far  as 
may  be  from  all  causes  of  waste,  i.  e.,  of  irreversibility. 

The  wire-drawing  of  steam  through  the  ports  during  admission 
to  the  cylinder  of  a  reciprocating  engine,  especially  at  the  cut-oflf 
point  and  at  the  beginning  of  admission  with  incomplete  cushion- 
ing, is  an  irreversible  and  wasteful  action  to  be  avoided  as  far  as 
may  be.  The  expansion  between  complete  cut-oflf  and  the  opening 
of  the  exhaust  valve  is,  so  far  as  the  steam  itself  is  concerned,  sensibly 
free  from  internal  irreversible  actions  and  therefore  internally 
reversible,  in  the  thermod3mamic  sense,  though  on  accoimt  of  the 
eflfect  of  the  cylinder  walls  it  is  usually  far  from  adiabatic. 

The  expansion  of  steam  through  a  turbine  nozzle  or  through 
blade  channels  of  decreasing  section  would,  in  the  ideal  case,  be 
free  from  dissipation,  i.  c.,  not  retarded  by  frictional  or  viscous 
resistances,  and  would  be  in  the  thermodynamic  sense  reversible 
if  so  rapid  that  no  sensible  interchange  of  heat  took  place  between 
diflferent  parts  of  the  steam.  In  practice,  there  are  always  resist- 
ances due  to  skin  friction  and  eddy  currents;  some  mechanical 
energy  that  might  otherwise  be  produced  is  thus  dissipated  into 
heat  and  the  process  is  irreversible.  Since  these  resistances  are 
wasteful,  it  is  evident  that  the  smaller  they  are  and  the  more 
nearly  reversible  the  expansion  is,  the  more  closely  the  gain  of 
kinetic  energy  (T  —  To)  approaches  the  theoretically  possible  maxi- 
mum which  is  determined,  if  there  is  no  leakage  of  heat,  solely  by 
the  initial  state  of  the  steam  and  the  final  pressure  to  which 
expansion  takes  place  in  the  space  into  which  the  steam  jet  issues. 

During  the  expansion  of  steam  between  any  two  points  in  its 
path  through  a  tiu-bine,  the  whole  mechanical  energy  produced, 
or  (T  — To  +  WO>  also  approaches  its  ideal  maximum  value  as  all 
the  internal  losses  due  to  skin  friction  and  eddy  currents  in  nozzles 
or  blades,  windage,  and  wire-drawing  of  steam  which  leaks  past 
blade  tips  or  through  bushings,  approach  zero.  The  only  diflference 
between  this  case  and  that  of  flow  through  a  nozzle  is  that  in  the 
nozzle  or  in  fixed  blades  the  work  is  necesvsarily  exactly  zero,  while 
in  the  more  general  case  W  may  have  a  finite  value  and  (T  —  To) 
is  often  negligibly  small  in  comparison  with  W. 
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5.  ISBimtOPIC  CHANGES  OF  STATB 

If,  during  a  reversible  isothermal  expansion  at  the  absolute 
temperattuie  0^  sl  body — e.  g.  a  pound  of  steam — ^takes  in  from 

without  a  quantity  of  heat  Q,  the  quantity  H  is  known  as  the 

"  increase  of  entropy  "  of  the  body.  Thus,  during  the  evaporation 
of  one  pound  of  water  at  constant  pressure  and  temperature, 
ending  in  its  conversion  into  a  pound  of  dry-saturated  steam,  the 
increase  of  entropy  is  equal  to  the  latent  heat  divided  by  the  abso- 
lute temperature.  This  quantity  is  given  in  the  steam  tables  as 
"entropy  of  evaporation." 

If  a  reversible  change  of  state  occurs  during  which  the  tempera- 
ture of  the  body  is  not  constant,  we  may  cut  the  process  up  into 
a  number  of  small  steps;  for  each  of  these  divide  the  heat  taken 
in  by  the  average  temperature  of  the  body  during  that  stq); 
and  finally  add  all  these  small  quotients.  If  we  then  reduce  the 
length  and  increase  the  number  of  the  steps  indefinitely,  the  sum 

B 

approaches  a  definite  limit  expressible  in  the  form   |  ^  where  A 

A 
and  B  are  the  initial  and  final  states.  The  value  of  this  expres- 
sion is  the  same  for  all  reversible  changes  which  lead  from  the 
state  A  to  the  state  B,  and  it  is  known  as  the  increase  of  entropy 
of  the  body  during  the  change  A  B.  The  elementary  case  of  an 
isothermal  change,  considered  above,  is  evidently  included  in 
this  more  general  definition  of  change  of  entropy. 

If,  as  is  usual,  we  take  the  temperature  of  the  ice  point  and 
the  pressure  of  one  atmosphere  as  our  standard  conditions,  the 
entropy  of  a  mass  of  fluid  at  any  other  temperature  and  pressure, 

CdQ 
referred  to  this  standard  state,  is  the  value  of    I  --7  from  the 

standard  to  the  actual  state  along  a  reversible  path;  and  this 
value  depends  only  on  the  end  state  reached  and  not  on  how  the 
body  actually  reached  it,  if  we  asstune,  as  is  permissible,  that 
the  end  state  could  have  been  reached  by  a  reversible  process. 

In  an  adiabatic  change  of  state,  dQ  is  everywhere  zero.  Hence 
if  an  adiabatic  process  is  also  reversible,  the  entropy  of  the  body 
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in  question  does  not  change.  Any  change  of  state  in  which  the 
entropy  of  the  body  remains  constant  is  known  as  an  isentropic 
change. 

The  ideal  adopted  for  the  expansion  of  steam  in  the  cylinder  of 
a  reciprocating  engine  is  that  of  expansion  without  wire-drawing 
or  other  irreversible  internal  losses,  in  a  perfectly  nonconducting 
cylinder.  Such  an  expansion  would  be  a  reversible  and  adiabatic, 
and  therefore  an  isentropic  change  of  state.  Prom  this  it  has  come 
about  that  the  term  "adiabatic"  is  very  often  loosely  used  in 
engineering  works  with  the  meaning  "isentropic."  In  reality, 
however,  an  adiabatic  process  need  not  be  isentropic  and  an 
isentropic  process  need  not  be  adiabatic.  This  becomes  so 
evident  in  stud)ring  steam-turbine  theory  that  there  is  ground  for 
hope  that  this  confusion  of  terms  may  eventually  be  eliminated 
from  our  thermodynamic  literature. 

If,  for  example,  a  pound  of  steam  passes  from  a  state  i4  to  a 
state  B,  the  change  of  its  entropy  is  definite  and  depends  only 
on  A  and  B.  If  the  actual  process  is  irreversible  because  of 
internal  dissipation  by  which  heat  is  produced  within  the  steam, 
the  increase  of  entropy  is  not  to  be  found  by  taking  the  value  of 

B 

do 
^  along  the  actual  irreversible  path,  but  is  greater  than  this, 

A 

For  heat  generated  internally  has  the  same  effect  in  changing  the 
temperature  or  otherwise  influencing  the  state  of  the  steam  as  an 
equal  amotmt  of  heat  added  from  without,  so  that  the  final  state 
reached  is  not  the  same  as  if  there  had  been  the  actual  addition 
of  heat  from  without  but  no  internal  generation  of  heat. 

In  any  actual  expansion  between  two  given  completely  defined 
states,  the  final  entropy  of  the  expanding  substance  is  always 

B 

greater  than  can  be  accoimted  for  by  taking  the  value  of  i  ^ 

A 
with  Q  representing  only  heat  added  from  without,  for  even  in 
the  best  case  there  is  always  some  internal  dissipation.  This 
excess  represents  heat  produced  by  dissipation  of  mechanical 
energy  which  might,  with  ideally '  perfect  arrangements,  have 
74356° -12 — 7 
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been  saved  and  used.  It  is  therefore  a  measure  of  the  wastefukiess 
of  the  process  of  expansion.  Irreversibility,  wasted  availability 
of  energy,  dissipation,  and  needless  increase  of  entropy,  are  merely 
different  aspects  of  the  same  thing.  One  main  reason  why 
entropy,  which  has  been  somewhat  of  a  sttmibling  block  in  tech- 
nical thermodynamics,  is  retained,  is  that  its  changes  give  us  the 
most  convenient  quantitative  expression  of  the  wastefulness  or 
the  efficiency  of  thermodynamic  processes  from  which  mechanical 
work  is  to  be  obtained. 

The  expansion  of  steam  in  the  cylinder  of  the  reciprocating 
engine  is  approximately  reversible,  so  far  as  the  steam  itself  is 
concerned;  the  internal  losses  due  to  dissipation  inside  the  steam 
are  small,  and  poor  indicated  efficiency  is  due  largely  to  the  fact 
that  the  expansion  is  not  adiabatic,  the  influence  of  the  cylinder 
walls  causing  the  cotu-se  of  the  expansion  to  be  different  from  that 
desired.  The  expansion  though  nearly  reversible  is  not  adiabatic 
and  not  isentropic. 

The  expansion  of  steam  in  a  turbine  may  be  r^arded  for  most 
purposes  as  adiabatic,  the  external  losses  of  heat  from  the  steam 
to  the  casing  being  small.  But  the  process  is  subject  to  a  great 
deal  of  dissipation  by  eddy  currents,  etc.,  so  that  though  nearly 
adiabatic  it  is  far  from  being  either  reversible  or  isentropic. 

The  ideal  of  the  steam  turbine  is  thus  the  same  as  that  of  the 
reciprocating  engine,  namely,  isentropic  expansion.  In  the  one 
case  the  ideal  is'not  attained  because  the  changes  of  state  of  the 
steam,  though  nearly  reversible,  are  far  from  adiabatic;  in  the 
other,  because  though  nearly  adiabatic,  they  are  far  from  reversible. 

The  assumption  that  expansion  through  a  steam  turbine  is 
adiabatic  and  fails  of  being  isentropic  and  ideally  efficient  only 
because  of  internal  dissipation  losses  of  various  kinds  is,  of  coiu-se, 
only  an  approximation.  For,  except  possibly  in  some  very  tmusual 
cases,  there  is  always  some  heat  lost  by  conduction  and  radiation 
from  the  turbine,  and  there  is  always  some  longitudinal  conduc- 
tion between  the  different  stages,  tending  to  make  separate  parts 
of  the  expansion  not  quite  adiabatic  even  though  it  might  be  so 
as  a  whole.  External  losses  might  be  reduced  or  even  made 
negative  by  jacketing;  but  while  this  would  improve  the  efficiency 
of  the  turbine,  considered  by  itself,  tlie  jacket  steam  used  would 
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probably  much  more  than  offset  the  gam  and  cause  a  considerable 
increase  in  the  total  water  rate.  It  is  possible  that  with  small 
turbines  not  well  protected  the  external  heat  losses  might  be  as 
great  as  the  internal  dissipation  and  so  just  balance  the  reheat. 
In  such  a  case  the  total  result  would  be  the  same  as  if  the  mechan- 
ical energy  actually  wasted  inside  the  turbine  had  been  used  up 
on  bearing  friction  outside,  with  no  internal  heating  and  no  con- 
duction and  radiation  loss.  The  expansion  might  thus  be  isen- 
tropic  without  being,  even  approximately,  either  adiabatic  or 
reversible. 

We  shall,  however,  treat  the  turbine  problem  as  one  of  adia- 
batic expansion,  having  therefore  an  isentropic  expansion  as  its 
ideal,  and  shall  treat  the  external  heat  losses  as  negligible  and 
consider  the  flow  as  subject  to  equation  (5).  Such  a  simplifica- 
tion would  not  be  permissible  in  precise  physical  work,  but  for 
the  purposes  of  steam-turbine  design,  the  errors  thus  introduced 
are  probably  always  less  than  those  due  to  the  uncertainties  in 
the  values  of  some  of  the  quantities  that  have  to  be  assumed  in 
the  computations — ^notably,  velocity  losses  in  nozzles  and  blade 
channels  and  windage  resistance,  both  of  which  influence  the  effi- 
ciency, of  which  an  estimate  must  be  made  in  order  to  design 
at  all. 

6.  THE  H  9>  OR  MOLLIER  DIAGRAM 

The  total  energy  equation  for  adiabatic  flow 

{T^To)+W^H,^H  (5) 

gives  us  information  in  terms  of  the  total  heat  H.  We  have  also 
seen  that  the  ideal  expansion  is  isentropic,  since  that  corresponds 
to  absence  of  dissipation  and  therefore  to  100  per  cent  efficiency 
in  the  production  of  mechanical  energy.  It  is  therefore  evident 
that  for  the  graphical  solution  of  problems  in  steam  flow — ^tin-bine 
design  in  particular — a  chart  showing  the  properties  of  steam  on 
a  plane  with  the  total  heat  H  and  entropy  <p  as  rectangular  coor- 
dinates will  be  very  cpnvenient.  On  this  plane,  if  if  is  made  ordi- 
nate and  (p  abscissa,  an  isentropic  expansion  is  represented  by  a 
straight  Une  drawn  vertically  downward  from  the  point  repre- 
senting the  initial  state;  and  the  heat-drop  during  the  expansion 
is  represented  by  the  length  of  this  line  from  the  initial  to  tiie  final 
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position  of  the  state  point.  In  any  adiabatic  expansion  whatever, 
the  difference  of  ordinate  of  the  initial  and  final  points  gives  us,  at 
once,  the  heat  drop  and  therefore,  by  equation  (5) ,  the  mechanical 
energy  developed. 

We  have  now  to  mention  some  of  the  geometrical  properties  of 
the  H  <p  diagram  for  steam  and  may  refer  to  Fig.  2,  which  gives  a 
qualitative  idea  of  the  diagram  with  the  isopiestics,  or  lines  of 
constant  presstu-e,  as  well  as  lines  of  constant  dryness  and  super- 


heat. An  exact  plot  will  not  be  attempted  because  it  is  easily 
available  in  the  above-mentioned  tables  of  Marks  and  Davis  as 
well  as  in  other  books  to  which  it  may  be  presumed  that  the 
reader  has  access. 

Vertical  lines  are  isentropics,  and  horizontal  lines  are  lines  of 
constant  total  heat  or  "throttling  lines."  A  vertical  distance 
read  off  on  the  scale  of  ordinates  is  a  difference  of  total  heat  or  a 
heat-drop.  A  horizontal  distance  represents  a  difference  of 
entropy. 
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The  steam  saturation  line  55  is  nearly  straight  within  the  range 
of  pressures  used  in  practice.  It  may  easily  be  plotted  by  taking 
simultaneous  values  of  H  and  tp  for  dry  saturated  steam  from  the 
steam  table.  The  lines  xx  etc.  are  lines  of  constant  dryness; 
points  on  one  of  these  lines  represent  the  possible  simultaneous 
values  of  H  and  tp  for  wet  steam  of  the  given  dryness  factor  x. 
They  run  in  the  same  general  direction  as  the  satm^tion  line. 
The  lines  tt  etc.  running  also  in  this  same  general  direction  but 
above  instead  of  below  the  saturation  line  55,  are  lines  of  con- 
stant superheat  t. 

The  lines  we  are  most  interested  in  are  those  shown  sloping 
upward  toward  the  right,  straight  for  wet  steam,  i.  e.,  within  the 
saturation  field  below  55,  but  ciu"ving  upward  with  rising  super- 
heat after  crossing  55  and  entering  the  superheat  field.  These 
are  the  constant-pressure  lines  or  isopiestics.  Within  the  sattu-a- 
tion  field  they  are  also  isothermals,  since  the  temperattu^  of  wet 
steam  is  fixed  by  its  pressure;  but  above  the  saturation  line  they 
cease  to  be  isothermals,  because  superheated  steam  at  a  given 
pressure  may  have  any  temperature  higher  than  its  saturation 
temperature. 

Starting  with  one  pound  of  wet  steam  in  the  condition  of  pressure 

and  dryness  represented  by  the  point  a,  let  us  add  to  it  at  constant 

pressure  and  temperature  a  quantity  of  heat  represented  by  the 

length  ac.    The  state  point  moves  to  6,  the  entropy  increasing  by 

an  amount  represented  on  the  entropy  scale  by  cb.    But  since  the 

temperature  0  is  constant  we  have,  by  the  definition  of  change  of 

entropy, 

length  of  cb  =  length  oi  ac-i-O 

these  lengths  being  meastu-ed  on  the  scales  of  H  and  9  used  in 
drawing  the  chart.  If  these  scales  are  the  same,  tf  =  ac-^c6  =  tan  a. 
If  as  is  usual  the  scales  are  different,  we  have 

0  =  kt3Lna  (6) 

where  ib  is  a  constant  depending  on  the  scales  and  equal  to  unity 
when  they  are  the  same. 

The  slope  of  the  isopiestics  for  wet  steam  is  therefore  propor- 
tional to  the  absolute  temperature :  the  lines  have  greater  slope  as 
the  pressure  rises  and  have  the  familiar  fan-shaped  arrangement 
shown  in  Fig.  2.    The  reasoning  just  used  is  applicable  even  when 
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the  isopiestics  are  curved,  i.  e.,  for  superheated  steam,  if  ac  and  be 
are  infinitesimal ;  so  that  equation  (6)  is  general  if  a  is  understood 
to  be  the  angle  between  the  9  axis  and  the  tangent  to  the  iso- 
piestic  at  the  given  point.  There  is  no  sudden  change  of  direction 
at  the  saturation  line,  because  there  is  no  discontinuity  in  the  tem- 
perature ;  but  with  increasing  superheat  the  temperature  and  there- 
fore, by  (6) ,  the  slope  of  the  isopiestics  increases  and  they  are  con- 
cave upward,  as  shown. 

Lines  of  constant  dryness  drawn  for  regularly  changing  values 
of  X,  e.  g.,  jc=o.9,  i:=o.8,  x=o.7,  etc.,  cut  oflf  equal  segments  on 
any  given  isopiestic,  and  the  lengths  of  the  segments  on  two  differ- 
ent isopiestics  are  proportional  to  the  values  oi-g^i+6^  where  /  is 
the  latent  heat,  and  ^  is  the  quantity  tabulated  as  "entropy  of 

evaporation. " 

S 


To  prove  this  we  consider  Fig.  3,  in  which  S5  represents 
the  steam  saturation  line  and  S'S'  the  water  line,  i.  e.,  the 
constant  dryness  line  for  x^o.  The  whole  length  of  any  iso- 
piestic   AB    between    the    two    saturation    lines    is    given    by 

AB^^IaoTcB^.    But  CB  =  /=the  heat  of  evaporation  at  the 
given  pressure  and  temperature  p  0;  while  if  the  scale  of  ^is  the 

same  as  that  of  //,  AC  =  -^=the  entropy  of  evaporation.     We 

therefore  have  

If  the  scales  are  not  the  same  there  will  be  a  proportionality  factor 
different  from  unity. 


AB 


\-\-e* 
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Any  line  of  constant  superheat  crosses  all  the  isopiestics  at 
points  where  their  slopes  are  greater  by  a  constant  amotmt  than 
their  slopes  at  and  below  the  saturation  line. 

7.  REPRESENTATION  OF  EXPANSION  ON  THE  H  9  PLANE— EFFICIBNCT 

Let  us  start  with  one  pound  of  steam  at  the  pressure  p^.  If  the 
steam  is  dry-saturated,  its  initial  state  is  represented  by  the 
point  A  (Fig.  2),  otherwise  by  the  intersection  of  the  same  iso- 
piestic  with  the  appropriate  dryness  or  superheat  line.  Let 
/>3  be  the  final  pressure  to  which  expansion  takes  place.  Then 
C  represents  the  final  state  reached  in  isentropic  expansion, 

and  AC^H^—H^  is  the  ideal  maximum  heat-drop  available 
for  conversion  into  mechanical  energy  during  adiabatic  expansion. 
The  ideal  yield  may  thus  be  read  off  at  once  from  the  scale  at  the 
side  of  the  chart  and  the  ideal  water  rate  computed  for  a  steam 
motor  in  which  steam  expands  adiabatically  from  the  initial 
state  A  to  the  final  pressiu-e  />,.  It  is  necessary  to  say  "the 
state  i4"  and  not  simply  **the  pressure  />i'*;  for  it  is  evident 
that  on  accoimt  of  the  non-parallelism  of  the  isopiestics,  this 
isentropic  heat-drop  is  greater  for  dry  or  superheated  than  for  wet 
steam.  This  is  qualitatively  in  accordance  with  the  observed 
fact  that,  with  given  limiting  pressures,  a  steam  engine  or  a  tur- 
bine has  a  lower  water  rate  when  the  initial  superheat  is  raised. 

In  the  actual  expansion  of  steam  through  a  turbine  to  the  final 
pressure  />„  there  is  internal  dissipation  and  the  working  of  the 
machhie  is  not  ideally  efficient.  By  reason  of  this  dissipation, 
part  of  the  mechanical  energy  which  might  have  been  obtained 
with  a  perfect  machine  is  either  not  produced  at  all  or  if  produced 
is  again  immediately  dissipated.  The  whole  of  this  lost  mechan- 
ical energy  appears  as  "reheat"  in  the  steam,  diminishes  the 
actual  heat-drop,  and  increases  the  entropy  just  as  much  as  if  it 
had  been  heat  added  to  the  steam  from  without.  The  final 
state  of  the  steam  at  p^  will  therefore  be  represented  by  some 
point  5,  to  the  right  of  and  higher  than  C.  The  greater  the 
dissipation  the  farther  B  will  be  from  the  ideal  final  state  C. 

The  ideal  heat-drop  being  H^—H^=AC,  the  actual  heat-drop 

is  H^—Hj^AD,  and  the  reheat  is  H^—H^^CD.  The  efficiency 
of  the  process  in  converting  available  heat  into  mechanical  energy 
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is  evidently  equal  to  AD /AC,  This  is  not  necessarily  the  same  as 
what  would  ordinarily  be  called  the  efficiency;  for,  by  equation 
(5) ,  (// 1  —  i/j)  goes  to  the  production  of  the  kinetic  energy  (T  —  To) 
as  well  as  to  the  production  of  the  outside  work  W,  which  is  the 
important  result  of  the  process  and  commonly  the  only  result 
considered  in  computing  efficiency.  But  in  general  the  quantity 
(T  —  To)  is  negligible  in  comparison  with  the  useful  work  W 
delivered  by  the  steam  to  the  rotor  inside  the  glands.  If  this  is 
true  and  if  A  and  B  (Fig.  2)  represent  the  state  of  the  steam  in 
the  steam  chest  and  in  the  exhaust  chamber,  the  efficiency  of 

the  machine  in  the  usual  sense  is  given  by  €  =  AD/AC,  If  e  were 
given  a  priori,  D  and  therefore  the  final  steam  condition  repre- 
sented by  B  would  thereby  be  fixed. 

In  order  to  discuss  the  efficiency  of  the  separate  parts  of  a  multi- 
stage turbine  we  have  first  to  define  the  term  stage.  In  a  multi- 
stage impulse  turbine,  of  the  Rateau  type  for  instance,  points  at 
the  entrances  to  the  various  nozzles  and  at  exit  from  the  last  com- 
partment to  the  exhaust  are  **  similarly  situated. "  In  a  turbine 
of  the  Parsons  type,  points  in  the  clearance  spaces  at  entrance  to 
the  fixed  blades,  together  with  a  point  at  exit  from  the  last  mov- 
ing row  to  the  exhaust  space,  are  **  similarly  situated. "  We  shall 
define  a  stage  as  the  part  of  the  tiu-bine  between  any  two  such 
adjacent  similarly  situated  points.  This  agrees  with  the  usual 
definition  of  a  stage  for  the  impulse  turbine,  but  not  with  that 
sometimes  adopted  for  turbines  of  the  Parsons  type  in  which  each 
row  of  blades  whether  fixed  or  moving  is  regarded  as  a  separate 
stage.  Our  definition  makes  a  **  stage"  consist  of  a  fixed  row  and 
the  next  following  moving  row.  This  use  of  the  term  seems  more 
rational  than  that  which  divides  the  turbine  into  two  kinds  of 
stages — ^the  moving  rows  and  the  fixed  rows — in  one  of  which  no 
work  at  all  is  done  by  the  steam  on  the  rotor.  At  all  events,  it  is 
convenient  for  the  purposes  of  this  paper  and  will  be  adopted. 

If,  then,  we  consider  not  a  whole  turbine  but  a  single  stage,  we 
may  say  that  the  change  of  kinetic  energy  (T  —  T^  through  any 
stage  is  negligible.  In  an  impulse  stage  T  and  T©  are  usually  sepa- 
rately negligible;  in  a  Parsons  stage  the  change  of  steam  speed  is  so 
small  as  to  make  (T  -  To)  negligible  except  in  the  first  stage,  and 
since  turbines  of  this  type  always  have  a  great  many  stages,  an  error 
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of  this  sort  regarding  a  single  one  is  of  no  importance  in  regard 
to  the  turbine  as  a  whole.  If  the  kinetic  energy  term  is  negligible 
in  comparison  with  W  for  each  separate  stage,  it  is  so  for  the  whole 
turbine,  and  if  e  is  the  efficiency  in  the  usual  sense  we  have  (Fig.  2) 


6  = 


AD 
AC 


When  €  refers  to  a  single  stage  it  is  called  the  "  stage  efficiency,  '* 
for,  as  we  shall  see  in  section  9,  a  distinctive  term  is  needed. 

8.  FORM  OF  THE  EXPANSION  LINE— GRAPHICAL  CONSTRUCTION 

It  is  evident  that  the  expansion  of  steam  in  passing  through  a 
multistage  tturbine  is  not  a  perfectly  regular  and  continuous  process 

8- 


H 


^ 


Fig.  4 

and  that  the  expansion  line  can  therefore  not  in  reality  be  a 
smooth  curve  like  AB  in  Fig.  2.  Let  us  consider  the  simple  case 
of  a  three-stage  impulse  turbine  working  with  wet  steam  between 
the  pressures  px  and  p^,  the  intermediate  pressures  at  entrance  to 
the  second  and  third  stage  nozzles  being  />,  and  />,. 

In  the  first-stage  nozzles  the  pressure  drops  from  p^  to  />,  if  the 
machine  is  properly  designed.  There  is  some  reheat  due  to  dissi- 
pation in  the  nozzles  before  the  pressure  has  fallen  to  />„  but  by  far 
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the  greater  part  of  the  reheat  is  due  to  blade  losses,  windage,  leak- 
age, and  "  carry-over  "  i.  e.,  the  kinetic  energy  of  the  steam  leaving 
the  last  set  of  moving  blades  which  is  in  general  wasted  and  not 
available  for  driving  the  issuing  steam  directly  into  the  next  set 
of  nctezles.  All  these  except  the  nozzle  loss  occur  at  the  constant 
pressure  />,.  The  true  expansion  through  this  stage  will  therefore 
be  represented  by  a  line  something  like  ABC  (Fig.  4)  and  for  the 
second  and  third  stages,  if  of  approximately  the  same  design  as  the 
first,  the  true  expansion  lines  will  be  of  somewhat  similar  shape,  as 
shown  at  CDE  and  EFG.  It  would  evidently  be  difficult  to  pre- 
dict the  precise  form  of  the  expansion  line  ABCDEFG  in  all  its 
small  details,  but  f ortimately  this  is  not  necessary ;  for  in  practice 
we  do  not  need  to  know  the  steam  condition  exactly  for  every  point 
but  only  for  a  few  sets  of  similarly  situated  points. 

Let  us  suppose,  for  example,  that  we  want  to  know  the  steam 
condition  at  entrance  to  the  three  sets  of  nozzles  and  in  the  ex- 
haust; this  information  is  given  by  the  positions  of  the  points 
A,  C,  E,  G.  Now  the  position  of  C  is  fixed  if  we  know  the  effi- 
ciency of  the  first  stage:  For  if  €  is  this  efficiency,  we  have 

in  which  Ha  is  the  value  of  H  that  would  be  reached  if  the  expan- 
sion were  isentropic  and  the  final  state  represented  by  the  point  a. 
Another  similar  step  from  C  to  the  next  pressure  ^,  fixes  the 
point  £,  and  a  third  the  point  G. 

The  points  C,  E,  G  can  thus  be  found  if  the  stage  efficiencies 
€1,  €2,  and  €,  are  known.  Before  designing  can  begin,  they 
must  be  known,  either  by  experiment  on  single  stages  similar  to 
the  ones  in  question,  or  by  computation  from  a  speed  diagram; 
for  the  stage  efficiency  is  a  datiun  which  is  fundamental  to  the 
design  and  can  not  be  dispensed  with. 

If  there  were  more  than  three  stages  the  same  method  might 
be  continued,  and  for  any  moderate  number  of  stages  this  would 
not  be  a  laborious  operation;  but  the  practical  problem  is  not 
so  simple,  for  in  general  only  the  terminal  pressures  are  given 
while  the  intermediate  pressures  are  not  given  but  ar^  to  be  de- 
termined in  accordance  with  some  fvuther  condition.  It  may, 
for  instance,  be  desired  that  the  work  done  on  the  rotor  shall  be 
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the  same  in  all  the  stages.  No  general  solution  of  the  problem 
can  be  given  in  such  a  case,  and  a  graphical  solution  by  trial  and 
error  might  with  a  large  niunber  of  stages  involve  a  great  waste 
of  time  which  must  be  avoided  if  possible. 

At  this  point  the  problem  simplifies  itself.  Usually  we  are 
required  to  distribute  between  two  limiting  pressures  a  given 
number  of  similar  stages  which  may  be  asstuned  to  have  the 
same  stage  efficiency  if  so  designed  that  there  shall  be  the  same 
heat  drop  in  each.  The  points  yl,  C,  £,  G,  etc.,  will  then  lie  on 
a  certain  smooth  curve  of  which  the  form  is  determined  by  the 
constant  stage  efficiency  and  the  initial  state.  If  this  curve  can 
be  constructed,  we  may  satisfy  the  requirement  of  equal  heat 
drop  by  distributing  the  points  A,  C,  E,  etc.,  on  this  line  so  as 
to  be  at  equal  vertical  distances  apart.  The  points  having  been 
thus  determined,  pressure  and  quality  may  be  read  off  from  the 
chart.  It  will  be  shown  how  such  a  curve  may  be  constructed 
more  easily  then  by  the  step-by-step  method,  if  the  number  of 
stages  is  large. 

Up  to  this  point  we  have  considered  only  the  similarly  situated 
points  A,  C,  Ef  G.  But  let  us  suppose  that  what  is  wanted  is 
not  the  steam  state  at  entrance  to  the  nozzles  but  that  at  exit 
from  them,  after  the  reheat  in  the  nozzles  but  before  the  fmther 
reheat  at  the  constant  lower  pressure  has  occurred.  This  will 
evidently  be  given  by  the  points  B,  D,  F  (Fig.  4).  If  the  stages 
are  all  alike  and  the  intermediate  pressures  have  been  so  de- 
termined, by  distributing  A,  C,  E,  G,  etc.,  at  equal  vertical  inter- 
vals, that  the  heat  drop  is  the  same  in  each  stage,  the  steam 
speed  and  the  reheat  will  be  very  nearly  the  same  in  each  set  of 
nozzles.  The  reheat  after  passing  the  nozzles  will  then  be  the 
same  in  all  the  stages  and  B  will  be  as  far  below  C,  measured 
vertically,  as  D  is  below  £,  F  below  G,  and  so  on.  It  is  true, 
this  amount  can  not  be  determined  exactly,  but  it  can  be  esti- 
mated with  sufiScient  accuracy,  and  fmthermore  if  there  are 
many  stages  so  that  the  total  heat  drop  in  each  is  itself  small,  the 
vertical  distance  between  C  and  B  will  be  still  smaller  and  no 
very  great  error  can  be  made  in  the  position  of  B.  If,  therefore, 
the  curve  ACEG  has  been  drawn  the  points  BDF,  etc.,  may  all  be 
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found  very  easily  if  any  one  can  be  found.  The  same  is  true  of 
any  other  set  of  similarly  situated  points. 

We  have  referred  particularly  to  the  impulse  turbine,  but  in 
designing  a  turbine  of  the  Parsons  type  a  knowledge  of  the  form 
of  the  curve  through  any  set  of  similarly  situated  points  is  equally 
useful.  In  either  case  it  is  essential  that  we  should  estimate  the 
steam  quality  at  various  points  in  the  turbine,  for  otherwise  the 
cross-sectional  areas  can  not  be  properly  proportioned  to  pass  the 
required  amount  of  steam  at  the  velocities  for  which  the  blading 
and  nozzles  have  been  designed,  the  desired  pressure  distribution 
will  not  exist,  and  the  whole  working  of  the  machine  will  depart 
from  the  intentions  of  the  designer,  presumably  to  its  disadvantage. 

Whatever  the  set  of  similar  points  chosen,  it  is  evident  that  the 
true  expansion  line  will  approach  a  smooth  curve  drawn  through 
these  points  more  and  more  closely  as  the  ntunber  of  stages  between 
the  two  limiting  presstnes  increases  and  the  heat-drop  through 
each  stage  diminishes.  We  shall  speak  of  this  limiting  curve,  for 
an  infinite  number  of  stages  of  equal  stage  efiiciendes,  as  "the 
expansion  line." 

9.  COMBINED  EFFICIBNCT  OF  SIMILAR  STAGES  IN  SERIES— THE 

REHEAT  FACTOR 

Let  us  consider  a  single  stage,  of  eflSdency  e,  working  with  either 
wet  or  superheated  steam  between  two  pressures  which  differ  very 
little. 


H 


Fig.  5 


Let  A  (Fig.  5)  be  the  initial  and  B  the  final  state  of  the 
steam.  To  construct  the  expansion  line  we  may  proceed  as 
follows:  Measure  a  short  distance  AC  downward  from  the  initial 
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point.  Divide  this  at  Z?  so  that  ADjAC^e,  the  given  stage 
efficiency;  then  AB  will  be  an  element  of  the  expansion  line. 
Go  on  in  the  same  manner  from  B,  and  continue  till  the  lower 
pressure  limit  has  been  reached.  The  smaller  the  steps  the  more 
approximate  the  result  if  the  graphical  work  is  exact. 
From  the  geometry  of  the  figiu'e  we  have 


Um  P 


-tana 


or  by  equation  (6) 


I-€ 


ktanfi=  —  0 


(7) 


(8) 


As  the  pressure  falls,  the  temperature  0  also  falls ;  hence  fi  decreases 
and  the  expansion  line  is  concave  upward. 

Let  us  next  consider  expansion  of  wet  steam  through  a  ntunber 
of  successive  stages,  of   equal    stage  efficiency  e,  between  the 


H 


^g, 
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pressures  pi  and  p2  which  differ  so  that  the  pressure-ratio  PJPi  is 
a  rather  large  number,  30  for  example. 

Let  A  (Fig.  6)  be  the  initial  state  of  the  steam  and  C  the  state 
after  isentropic  expansion  to  />,.     Let  AC  be  divided  at  D'  so  that 

ad' I  AC  ^€.  Then  if  the  combined  efficiency  of  the  whole  set  of 
stages  were  the  same  as  the  stage  efficiency,  the  point  B^  would 
represent  the  final  state  of  the  steam. 

In  reality,  however,  the  expansion  line  starts  from  A  with  a 
sharper  slope  than  the  line  AB'  because  the  isopiestic  pi  has  a 
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sharper  slope  than  the  isopiestic  p^.  The  expansion  Ime  then 
curves  gradually,  crossing  the  intermediate  isopiestics  at  such 
angles  that  equation  (8)  shall  be  satisfied,  and  meets  the  final 
isopiestic  p^  at  such  an  angle  that  its  tangent  is  parallel  to  AB' 
and  at  a  point  B  which  is  evidently  somewhat  below  B',  The 
actual  heat-drop  AD  is  therefore  greater  than  AD'  and  the  com- 
bined efficiency,  ec^'ADJAC,  is  greater  than  the  stage  efficiency 

€  in  the  ratio  ADJAD'.  This  ratio  is  known  as  the  "reheat- 
factor"  and  will  be  denoted  by  /?.  Its  value,  which  in  practice 
is  seldom  greater  than  i .  i ,  depends  on  the  ratio  of  the  initial  and 
final  temperatures  and  on  the  stage  efficiency.  It  could  be  found 
in  any  particular  case  by  step-by-step  construction  of  the  expan- 
sion line  which  would  give  us  the  position  of  -B,  while  that  of  B' 

is  given  by  AD' I  AC  ^e.  If,  on  the  contrary,  the  value  of  iJ  is 
known,  the  point  B  may  be  found  without  this  graphical  work. 

We  have  now  to  show  by  a  consideration  of  the  form  of  the 
expansion  line  how  the  value  of  R  may  be  determined  a  priori^ 
for  wet  steam,  i.  e.,  for  any  part  of  the  expansion  line  which 
lies  within  the  satiu^tion  field. 

10.  FIRST  APPROXIMATION  FOR  THE  REHEAT  FACTOR  R 

The  total  curvature  of  the  expansion  line  AB  (Fig.  6)  is  fixed 
by  the  stage  efficiency  and  the  difference  in  slope  of  the  limiting 
isopiestics ;•  but  the  distance  BB'  and  the  value  of  {R-i)  depend 
on  how  this  curvature  is  distributed,  hence  on  how  the  isopiestics 
are  distributed  between  p^  and  />,.  If  they  change  rapidly  in 
direction  in  the  vicinity  of  ^1,  the  expansion  line  AB  will  curve 
rapidly  at  first,  B  will  be  close  to  B'  and  (/?-i)  will  be  small.  In 
the  opposite  case  (/?-i)  will  be  large.  We  have  therefore  to 
consider  the  distribution  of  the  isopiestics. 

It  will  be  found,  upon  examination  of  an  acctuute  chart,  that 
the  isopiestics  if  produced  do  not  meet  in  a  point;  but  that  their 
intersections  are  so  far  to  the  left  and  their  whole  divergence 
within  the  range  of  pressures  used  in  practice  is  so  small  that 
only  a  very  slight  change  would  be  needed  to  make  them  all 
meet  in  a  single  point.     We  shall  first  proceed  upon  the  asstunption 
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that  they  do  thus  meet  in  a  single  point,  comparing  the  results 
later  with  those  obtained  from  a  more  exact  assumption. 

Let  O  (Fig.  7)  be  the  point  of  intersection  of  the  isopiestics; 
let  H  and  ^  be  measured  from  this  point,  and  let  them  be  plotted 


Fig.  7 

on  equal  scales  so  that  * « i  in  equation  (8) .     We  then  have  to 
substitute  in  equation  (7) 

tan  p^ —-r-     ;    ton  nr«  — 
a<p  <p 


which  gives  us 


dH       «     Fl 


or,  after  integrating  between  any  two  points  on  the  expansion 
line, 

^2W-=^l^l'-  (9) 

Noting  that  by  the  geometry  of  the  figure 

f\^^      and      H^^tana^^O^ 
<P2    //j  //j    tan  oTj     tfj 

equation  (9)  may  be  reduced  to  the  form 

and  the  heat-drop  from  yl  to  5  is  therefore  given  by  the  equation 

(lO) 


"'-"'-»[' -QJ] 


6o2 


Bulletin  of  the  Bureau  of  Standards 


[Vat.  7.  No.  4 


If  the  combined  efficiency  of  the  stages  were  the  same  as  the 
stage  efficiency,  the  heat-drop  would  be  €(//i — H^  « €/// 1  -  ^  ) 


Hence  the  value  of  the  reheat  factor  is 


R 


(A) 


From  this  equation  we  obtain,  for  example,  the  following  values 
of  (/?  —  i) ,  which  give  an  idea  of  the  order  of  magnitude: 

TABLE  I 


Pl 

Pt 

e-0^ 

e-O^. 

300 

50 

0.072 

0.034 

50 

2 

.096 

.047 

300 

2 

.168 

.080 

300 

20 

.100 

.048 

20 

1 

.083 

.040 

300 

1 

.186 

.088 

11.  PRACTICAL  WORKmO  METHOD  FOR  FINDING  THE  VALUE  OF  R 

While  equation  (A)  is  not  very  complicated,  it  is  inconvenient 
because  it  requires  our  working  with  absolute  saturation  tem- 
peratures instead  of  with  pressures,  and  it  would  not  in  this  form 
be  of  any  practical  value.  We  therefore  proceed  to  develop  a 
simpler  method  for  obtaining  values  of  /?,  which  shall  be  sensibly 
the  same  as  those  given  by  equation  (A). 

Values  of  (R  —  i)  were  computed  by  equation  (A)  for  expansion 
from  277.4  pounds  to  eleven  lower  pressures,  the  lowest  being  0.31 
pound,  with  stage  efficiencies  €=0.2,  0.3.... 0.7.  When  these 
values  of  (i?  —  i)  were  plotted  against  log  d,,  they  gave  sensibly  a 
straight  line  for  each  value  of  €.  It  was  found  that  all  the  values 
could  be  represented  very  well  by  the  equation 

i?  - 1  =  1 .207  (0.975  -  €)  (log.o  e,  - /ogf,o  ^2)  (B) 

If  this  equation  represented  equation   (A)   exactly,  we  should 
evidently  have  the  relation 

(/?,,- i)+(ie,3-i)  =  (i?i3-i)  (C) 
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where  R12,  Rm  and  /?!,  are  the  values  of  the  reheat  factor  for 
expansion  between  d^  and  fl,,  d,  and  fl,,  and  d^  and  ^a,  respectively. 
It  will  be  seen  by  reference  to  Table  I  that  this  relation  is  in  fact 
nearly  satisfied  in  the  four  cases  there  given. 

Taldng  equation  (C)  as  sufficiently  exact,  we  could  then  repre- 
sent equation  (B)  by  a  straight  line  for  any  given  value  of  e  and 
find  the  value  of  (/?  — i)  for  expansion  with  this  stage  efficiency 
between  any  two  absolute  saturation  temperatures,  by  taking  the 
difference  of  the  ordinates  at  these  two  temperatures.  If,  finally, 
we  plot  (/?  —  i)  against  p  as  abscissa  instead  of  against  the  incon- 
venient log  6,  we  shall  have  reduced  our  method  for  finding  R  to 
practical  shape.  A  single  curve  is  applicable  only  to  a  single  value 
of  €,  but  we  may  either  work  to  other  values  of  e  by  means  of 
equation  (B) ,  or  plot  a  number  of  curves  for  different  values  of  € 
and  interpolate  when  making  the  readings  of  (R  —  i). 

In  Table  II  are  values  of  R  computed  by  equation  (B)  for  expan- 
sion from  350  potmds  to  18  lower  pressures,  with  the  stage  efficien- 
cies €=o.i,  0.2,  . .  etc.  . .  0.8 


TABLE  II 

^ 

c-0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

300 

1.0075 

1.0066 

1.0058 

1.0049 

1.0041 

1.0032 

1.0023 

1.0015 

250 

1.0161 

1.0143 

1.0124 

1.0106 

1.0088 

1.0069 

1.0051 

1.0032 

200 

1.0265 

1.0235 

1.0205 

1.0174 

1.0144 

1.0114 

1.0063 

1.0053 

150 

1.0394 

1.0349 

1.0304 

1.0259 

1.0214 

1.0169 

1.0124 

1.0079 

100 

1.0569 

1.0504 

1.0439 

1.0374 

1.0309 

1.0244 

1.0179 

1.0114 

70 

1.0717 

1.0635 

1.0553 

1.0471 

1.0389 

1.0307 

1.0225 

1.0143 

40 

1.0936 

1.0829 

1.0722 

1.0615 

1.0506 

1.0401 

1.0294 

1.0187 

30 

1.1047 

1.0927 

1.0608 

1.0688 

1.0568 

1.0449 

1.0329 

1.0209 

20 

1.1191 

1.1055 

1.0919 

1.0783 

1.0646 

1.0510 

1.0374 

1.0238 

15 

1.1292 

1.1144 

1.0997 

1.0649 

1.0702 

1.0554 

1.0406 

1.0258 

10 

1.1429 

1.1265 

1.1102 

1.0939 

1.0775 

1.0612 

1.0449 

1.0285 

7 

1.1545 

1.1369 

1.1192 

1.1016 

1.0839 

1.0663 

1.0486 

1.0309 

5 

I.165I 

1.1462 

1.1274 

1.1065 

1.0696 

1.0706 

1.0519 

1.0330 

3 

1.1806 

1.1601 

1.1395 

1.1188 

1.0981 

1.0775 

1.0568 

1.0361 

2 

1.1926 

1.1706 

1.1486 

1.1266 

1.1045 

1.0825 

1.0605 

1.0385 

1.5 

I.2IQ2 

1.1782 

1.1552 

1.1322 

1.1092 

1.0662 

1.0632 

1.0402 

1.0 

1.2120 

1.1878 

1.1636 

1.1394 

1.1151 

1.0909 

1.0667 

1.0424 

0.5 

1.2309 

1.2045 

1.1781 

1.1417 

1.1253 

1.0989 

1.0725 

1.0460 

74356°— 12 8 
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From  these  figures  any  one  who  desires  can  plot  the  set  of 
curves  for  himself.  The  curve  shown  on  Plate  I  was  plotted  from 
the  values  for  €«o.i;  for  larger  values  of  €  the  curves  would 
differ  from  this  only  in  a  linear  reduction  of  the  ordinates.  Hav- 
ing this  curve  for  €=o.i  we  may  then  find  the  value  of  (/?  —  i) 
by  the  following  practical 

Rule  :  Read  front  the  curve  the  values  of  (R  —  i)  at  the  two  pres- 
sures between  which  the  expansion  takes  place;  their  difference  is  the 
desired  value  of  (R  —  i)  for  e^o.i.     For   any  other  value  of  c, 

multiply  by  the  factor  —  -^— -• 

Many  nmnerical  tests  have  shown  that  values  of  R  found  by  this 
rule  agree  with  those  found  from  equation  (A)  much  more  closely 
than  any  stage  efficiency  is  ever  known  a  priori,  the  discrepancy 
being  seldom  over  o.  i  per  cent. 

The  rule  may  therefore  be  regarded  as  a  satisfactory  substitute 
for  the  use  of  equation  (A);  but  it  remains  to  be  shown  that 
equation  (A)  itself,  obtained  from  an  admittedly  only  approxi- 
mate assumption  regarding  the  distribution  of  the  isopiestics, 
gives  sufficiently  correct  values  of  the  reheat  factor.  This  question 
has  now  to  be  taken  up. 

12.  DISTRIBUTION  OF  THE  ISOPIESTICS  ALONG  AN  ISENTROPIC 

Let  9o  be  the  value  of  the  entropy  at  some  fixed  isentropic  line. 
Let  2  be  used  to  denote  the  value  of  //  at  a  point  on  this  line.  In 
section  10  it  was  assumed  that  the  isopiestics  all  met  in  a  single 
point.  If  H  and  9  were  both  measured  from  that  point  we  should 
then  have  2/^o  ==  ^-  If  ^  and  9  were  measured  from  some  other, 
point,  we  should  have  in  general 

5  =  a  +  6Z  (11) 

where  0  is  the  absolute  saturation  temperature  of  any  isopiestic 
and  2  is  the  value  of  H  at  the  point  where  this  isopiestic  crosses  the 
isentropic  9  =  9o«  Equation  (11)  therefore  represents  the  assump- 
tion from  which  equation  (A)  was  deduced.  Readings  on  the 
chart  show  that  it  is  by  no  means  exactly  fulfilled.  By  readings 
of  2  from  the  Hq}  chart  of  Marks  and  Davis  at  ^0=^  1-384,  i.544» 
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and  1.704,  it  was  found  that  in  each  case  the  values  could  be 
represented  by  an  expression  of  the  form 

log  0^ A +BZ  (12) 

nearly  though  possibly  not  quite  as  closely  as  the  readings  could 
be  made.  The  values  of  A  and  B  varied  with  the  value  of  ^o* 
A  niunber  of  readings  were  made  between  the  isopiestic  for 
p  =  i  pound  and  the  saturation  line.  This  empirical  equation  for 
the  change  of  H  during  isentropic  expansion  is  one  which  I  do  not 
remember  to  have  seen  given  and  which  might  prove  useful  in 
other  work  than  the  present. 

Since  readings  from  the  chart  can  not  be  made  with  any  great 
accuracy,  recourse  was  now  had  to  interpolation  in  the  tables. 
Values  of  H  (i.  e.,  of  Z)  were  computed  at  ^^  =  1.384  for  21  pres- 
sures from  0.5  pound  to  513  pounds.  Values  of  Z  for  the  same 
temperatures  were  then  computed  by  the  equation 

Z  =  1645  /ojio^- 3750.2  (13) 

The  greatest  difference  between  Z  obtained  from  the  table  and  Z 
calculated  by  equation  (13)  was  0.7  B.  t.  u.  and  the  average 
difference  was  only  0.3  B.  t.  u.  The  differences  showed  a  sys- 
tematic run,  but  it  was  wave-like  and  not  progressive,  the  value 
passing  through  zero  in  the  vicinity  of  550®,  700®,  and  900® 
absolute  F. 

Equation  (13)  is  therefore  a  quite  exact  empirical  representa- 
tion of  the  facts,  as  given  in  the  tables,  over  the  whole  r^mge  of 
pressures  used  in  present  steam  practice.  At  any  other  isentropic 
where  the  entropy  has  the  value  9,  equation  (13)  leads  evidently 
to  the  equation 

Z  =  i645  /ogf,o^- 3750.2 +^(9? -1.384)  (14) 

which  must  diverge  from  the  tabulated  values  by  precisely  the 
same  amotmts  as  equation  (13).  For  secmity  this  was  checked 
through  by  interpolation  in  the  tables  for  9  =  1.684,  from  the 
isopiestic  />  =0.505  lb/in'  up  to  the  saturation  line. 

Since  equations  (13)  and  (14)  are  quite  exact,  it  is  evident  that 
equation  (12),  which  is  equivalent  to  (13),  must  be  less  exact  when 
^o  differs  much  from  the  value  i  .384,  though  it  is  an  approximation 
nearly  or  quite  suflSciently  close  for  use  with  the  chart  alone. 
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13.  SECOND  APPROXIMATION  FOR  R 

Since  eqtiation  (14)  or  its  special  case  (13)  is  a  much  closer 
representation  of  the  facts  then  equation  (11)  from  which  (A) 
was  deduced,  it  follows  that  an  expression  deduced  from  (13)  or 
(14)  will  give  more  nearly  correct  values  of  the  reheat  factor  than 
are  given  by  equation  (A) .  We  now  proceed  to  deduce  such  an 
expression. 


Fig.  8 

Let  AB  (Fig.  8)  be  an  infinitesimal  element  of  the  expansion 
line.    Then,  if  €  is  the  stage  efficiency,  we  have 


Now  we  have 


Also 


DA       € 

DB     \    9)p 

DA^^dH 
DB       dip 


(15) 


(16) 


where  the  symbol  d  refers  to  change  along  the  expansion  line. 
Substituting  these  values  in  (15)  gives  us 

dtp        i-€ 

^dH^ — r 

as  an  equation  which  must  be  satisfied  at  all  points  of  the  expan- 
sion Une  and  in  all  cases,  regardless  of  the  distribution  of  the 
isopiestics.* 

'  The  validity  of  this  general  eqtiation  is  not  limited  to  the  case  of  wet  steam. 
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Let  ilo  be  the  intersection  of  the  isopiestic  through  A  with  the 
isentropic  9 «  901  and  let  Z  be  the  ordinate  of  this  point.  Then 
we  have 


EA     CD    H-Z  _g 

AoE'^  DB^  9-90 
Whence 

H-Z 

Differentiating  by  H  and  multiplying  by  0  gives  us 

another  general  relation,  which  must  hold  for  all  points  within 
the  saturation  field  and  for  motion  of  the  state  point  in  any  direc- 
tion whatever. 

By  comparison  of  equations  (16)  and  (17)  we  get 

If  we  now  let  <^o^  1.384,  we  may,  as  shown  in  section  12,  set 

log0^A+BZ  (19) 

and  equation  (18)  may  be  reduced  to  the  form 

^  =  €[j+B(//-Z)]  (20) 

a  differential  equation  for  the  expansion  line  in  terms  of  H  and  Z. 
This  equation  is  satisfied  by  setting 

//  =  M^'^^+Z  +  -~  (21) 

in  which  M  is  the  arbitrary  constant,  to  be  adjusted  so  that  the 
curve  shall  pass  through  the  given  initial  position  of  the  state 
point. 

From  equation  (19)  we  get  BZ-=log  6  — A,  whence 


^BZ^ 


gcA 


and  equation  (21)  may  be  written 


«-??+^+^         '»> 
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Let  di  //|  Zi  refer  to  the  initial  state,  the  starting  point  of  the 
expansion  line,  and  let 

-^-//,-Z,--^-L  (23) 

Then  equation  (22)  takes  the  form 

and  the  heat-drop  along  the  expansion  line  between  two  points  at 
the  absolute  temperatures  0^  and  0^  is  given  by 


[-(»•] 


i/,-i/,  =  Z,-Z,+L|^i-(^^yj  (25) 

For  isentropic  expansion  c  =  i .  Hence  by  setting  c « i  in  equa- 
tions (22),  (23),  and  (24)  we  have,  along  the  isentropic  through 
the  starting  point  of  the  expansion  line, 

H  =  N^+Z  (26) 

where 

N^H,-Z,  (27) 

and  the  isentropic  heat-drop  from  the  initial  point  at  9  «  d|  to  the 
final  pressure  where  tf  =  fl,  is  given  by 

i/,-//,=z,-z,+Ar(i-|?)  (28) 

The  reheat  factor  therefore  has  the  value 


in  which 


^.z,-z..L[.-(f;X 


(D) 


N=H,-Z,  (D,) 

L'N-'-^  (D.) 

Beside  necessitating  our  working  with  absolute  temperatures,  the 
determination  of  R  by  equation  (D)  requires  our  finding  the  val- 
ues of  Z,  and  Z,  either  graphically  or  by  computation  from  equa- 
tion (13).  As  a  means  for  the  practical  computation  of  R  for 
use  in  designing,  equation  (D)  is  evidently  so  inconvenient  as  to 
be  entirely  worthless;  but  it  has  a  value  as  confirmatory  of  the 
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results  obtained  by  the  practical  rule  given  in  section  1 1 ;  for  it 
has  been  shown  that  that  rule  gives  sensibly  the  same  results, 
within  the  range  of  present  steam-turbine  practice,  as  equation 
(A),  and  furthermore  that  equation  (D),  based  on  a  much  more 
acciu"ate  assumption  than  that  which  underlies  the  deduction  of 
(A) ,  must  give  more  accurate  values  than  (A)  and  therefore  than 
the  rule.  If,  therefore,  equation  (D)  gives  sensibly  the  same  values 
as  the  rule,  the  values  obtained  by  the  rule  mav  be  relied  upon 
as  sensibly  correct. 

14.  TESTS  OF  THE  RULE  FOR  FINDmG  THE  VALUE  OF  R 

The  tests  consisted  in  computing  R  by  equation  (D)  and  com- 
paring the  results  with  values  obtained  by  the  rule  given  in 
in  section  1 1 . 

The  values  of  Z  read  from  the  H  tp  chart  at  9>  =  1.384  were 
plotted  against  log^^  6  and  a  straight  line  drawn  through  the 
points;  "the  scales  were  100  B.  t.  u.  ==75  mm  and,  for  log^^  0, 
1.5  mm  =0.01.  The  values  of  Zj  and  Z,  needed  in  the  compu- 
tations were  read  from  this  plot.  The  slope  of  this  line  when 
reduced  to  terms  of  naperian  logarithms  for  use  in  equation 
(D2)  gave  1/5  =  723.  The  readings  of  H^  for  use  in  equation 
(Di)  were  made  from  the  H  tp  chart.  More  exact  results  might 
have  been  had  by  obtaining  all  these  values  by  computation 
instead  of  graphically,  but  the  precision  of  the  graphical  method 
is  sufficient  for  our  purpose.  It  will  not  do,  however,  to  compute 
H^  from  the  table,  but  take  Zj  and  Zj  from  a  plot  or  from  an 
equation  derived  from  readings  on  the  chart,  for  considerable 
errors  are  thereby  introduced.  The  chart,  while  self-consistent 
and  quite  accurate  enough  for  all  ordinary  purposes,  is  not  an 
exact  representation  of  the  tables,  owing  doubtless  to  difficulties 
in  printing.  This,  however,  need  not  occasion  any  lack  of  con- 
fidence in  the  chart,  for  the  test  of  its  accuracy  is  a  severe  one,  as 
will  be  found  upon  making  a  few  computations  by  means  of 
equations  (D),  (DJ,  and  (D,). 

A  number  of  test  computations  covering  the  part  of  the  satura- 
tion field,  which  is  of  practical  importance,  were  made  by  the 
foregoing  method.  Values  of  R  for  the  same  cases  were  computed 
by  the  rule  of  section  1 1  and  in  many  instances  also  by  equation 
(A).     On  the  whole  the  values  obtained  by  the  rule  agreed  with 
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those  obtained  by  the  use  of  equation  (D)  somewhat  more  closely 
than  did  values  from  equation  (A) .  A  summary  of  the  results  of 
these  tests  is  given  in  the  following  table : 


TABLE  m 
Value  ot  €  x[R  by  equ.  (22)  -  /?  by  rule] 


expressed  as  percentage  of 


pi 
pt 

Px 
llM'int 

•IM 

Xx 

• 

1 

6-0.1 

€-0.2 

1 
e-0.4 

1 

e-0.6 

e-0.7 

12.7 

277.4 

0.961 

+ao3 

-0.02 

-0.02 

45.5 

277.4 

.961 

+  .04 

-  .09 

-  .10 

185.0 

277.4 

.961 

-  .03 

-  .20 

-  .22 

44.0 

66.2 

1.00 

-  .06 

-  .09 

-  .10 

33.7 

21.9 

.99 

+  .04 

-  .04 

+  .05 

33.7 

21.9 

.88 

+  .04 

-  .06 

+  .07 

33.7 

21.9 

.77 

+  .06 

+  .07 

-  .06 

20.0 

20.0 

.99 

+0.04 

-  .01 

+ao3 

20.0 

20.0 

.84 

+  .04 

+  .04 

-  .02 

20.0 

20.0 

.79 

+  .04 

-  .02 

-  .01 

20.0 

120.0 

.99 

-f  .07 

+  .05 

H-  .03 

+  .04 

20.0 

120.0 

.84 

+  .06 

+  .04 

+  .03 

+  .04 

300.0 

300.0 

1.00 

-  .01 

-  .19 

-  .25 

110.0 

110.0 

1.00 

-  .06 

-  .13 

-  .10 

35.0 

35.0 

1.00 

-f  .07 

+  .01 

-  .01 

8.0 

8.0 

1.00 

+  .03 

+  .01 

+  .02 

In  the  first  three  columns  of  the  table  are  given  the  pressure 
ratio,  the  initial  pressure,  and  the  initial  dryness  factor;  and  it 
will  be  seen  that  the  tests  are  sufficiently  varied. 

The  object  in  using  the  reheat  factor  is  to  determine  the  position 
of  a  point  B  with  an  error  in  vertical  position  which  shall  be 
negligible  in  comparison  with  the  isentropic  heat  drop  {H^  —  //,) . 
This  difference  of  position,  in  percentage  of  (H^—H^),  is  found  by 
multiplying  the  difference  of  the  two  values  of  R — ^fotmd  by  the 
two  methods — ^by  the  value  of  c,  since  R  is  always  nearly  unity. 
Accordingly,  the  values  in  the  table  may  be  regarded  as  the  changes 
of  height  of  the  point  B,  in  per  cent  of  {Hi—H^,  caused  by 
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changing  the  method  of  computing  R.  The  positive  sign  means 
that  the  rule  gives  B  a  higher  position  than  it  should  have  accord- 
ing to  equation  (D) . 

On  account  of  errors  in  reading  //,  Z,  and  /?  —  i  from  the  curves, 
differences  of  less  than  o.i  have  little  or  no  significance  unless 
PJPi  is  very  large.  It  will  be  seen  that  the  discrepancy  never 
exceeds  one-fourth  of  i  per  cent  and  attains  the  value  o.i  per 
cent  only  when  the  pressure  ratio  is  large. 

Since  one-fourth  of  i  per  cent  is,  for  the  designer,  a  negligible 
quantity,  we  may  conclude  that  since  one  of  the  methods  cer- 
tainly gives  a  much  more  accurate  value  than  the  other,  the  error 
involved  in  either  method  is  negligible  and  the  value  of  R  is  accu- 
rate enough  when  found  in  either  way.  It  follows  that  the  values 
of  R  obtained  by  the  working  rule  given  in  section  ii  may  be 
relied  upon  for  wet  steam  as  being  sufficiently  accurate  for  use  in 
designing. 

15.  USES  OF  THE  REHEAT  FACTOR 

Having  thus  a  practical  method  of  finding  the  reheat  factor, 
we  are  able  to  plot  the  expansion  line.  If  pi  and  />,  are  the 
terminal  presstu'es,  the  position  of  the  final  point  may  be  found 
by  the  equation 

//,-//,  =  /?€(//,-//,)  (29) 

We  next  take,  instead  of  />„  the  pressure  corresponding  to  some 
isopiestic  about  halfway  (on  the  diagram,  not  numerically) 
between  the  two  terminal  isopiestics.  Using  the  rule  to  find  R 
for  expansion  from  the  initial  to  this  intermediate  pressure,  we 
compute  the  position  of  a  point  on  the  expansion  line  where  it 
intersects  this  intermediate  isopiestic.  Having  now  three  points 
of  the  expansion  line,  we  may  sketch  it  in  as  a  circular  arc.  It 
will  then  be  evident  whether  or  not  it  is  worth  while  to  go  on  to 
determine  still  more  points.  Unless  the  expansion  ratio  pt/p2  is 
large,  even  a  single  intermediate  point  will  usually  be  needless 
and,  after  the  final  point  B  has  been  found,  a  straight  line  AB  will 
be  close  enough  to  the  true  expansion  line,  even  in  the  middle. 
This,  however,  is  a  matter  for  the  discretion  of  the  individual 
designer,  who  knows  what  reUance  he  may  place  on  the  value  of 
the  stage  efficiency  on  which  his  work  is  based. 
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In  designing  a  turbine  for  new  conditions,  it  may  be  worth 
while  to  make  a  number  of  preliminary  sketch  designs  which  need 
not  be  worked  out  in  detail  further  than  to  compute  the  probable 
influence  on  the  water  rate  of  variations  in  the  arrangement  of 
the  stages.  In  such  work,  what  is  needed  is  not  the  form  of  the 
expansion  line  but  merely  the  actual  heat  drop  {H^—H^,  which 
may  be  expected  in  a  given  set  of  similar  stages.  If  the  expansion 
ratio  is  large,  neglecting  the  reheat  factor  may  introduce  an  error 
of  5  per  cent  or  more,  which  is  undesirable  and  may  be  avoided 
by  a  single  computation  of  the  reheat  factor  for  use  in  equation 

(29). 

16.  GBHERAL  RKMARKS 

The  foregoing  methods  are  valid  only  when  the  isopiestics  are 
straight  lines;  they  therefore  fail  for  superheated  steam.  The 
Ciu^ature  of  the  isopiestics  in  the  superheat  field  depends  on 
the  specific  heat  of  superheated  steam  at  constant  pressure. 
Even  if  this  were  exactly  known  and  expressible  in  simple  mathe- 
matical form,  the  development  of  a  general  differential  equation 
for  the  expansion  line  would  be  a  difiScult  matter  and  the  task 
of  integrating  it  would  very  possibly  present  insuperable  mathe- 
matical difiSculties.  But  without  attempting  this  general  solu- 
tion a  few  pertinent  remarks  may  be  made. 

(a)  Consideration  of  the  Hq}  chart  shows  that  an  isentropic 
expansion  between  two  given  isopiestics  involves  a  greater  change 
in  temperature  for  superheated  than  for  wet  steam,  as  may 
also  be  seen  from  the  pv  chart.  A  dissipative  expansion  line 
starting  at  a  point  in  the  superheat  field  will  therefore  fall  more 
sharply  at  first  than  if  it  started  at  the  same  pressure  within 
the  saturation  field  and  the  reheat  factor  for  a  given  pair  of 
terminal  pressures  and  given  stage  efficiency  will  be  greater 
than  for  wet  steam  between  the  same  pressures.  Hence,  if  we 
use  the  value  of  R  computed  for  these  pressures  for  wet  steam, 
we  shall  tmderestimate  the  actual  heat-drop  and  combined 
efficiency  and  be  on  the  safe  side  as  regards  the  economy 
expected. 

(6)  Up  to  100°  F  superheat  the  curvature  of  the  isopiestics 
is  so  small  that  the  error  can  at  most  not  be  important  if  we  simply 
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use  the  value  of  R  for  wet  steam  between  the  same  pressure 
lunits. 

(c)  The  value  of  the  quantity  (/?  — i)  decreases  with  the  pres- 
sure ratio  pjp2  and  decreases  as  the  stage  efficiency  e  increases. 
Examination  of  the  Hg}  chart  in  connection  with  Table  II  shows 
that,  unless  the  efficiency  is  very  poor,  with  superheats  up  to 
150°  or  200°  F,  which  are  unusual  as  yet,  the  expansion  ratio, 
and  therefore  (/?— i),  can  not  be  large  for  expansion  entirely 
within  the  superheat  field,  so  that  (/?  — i)  can  not  be  subject  to 
a  large  error.  With  poor  efficiency  the  reheat  might  be  enough 
to  keep  the  steam  dry  a  long  way  down  in  the  turbine,  but  such 
a  case  is  not  of  great  commercial  interest  and  does  not  demand 
close  designing. 

(d)  A  high  initial  superheat  has  not  as  yet  been  much  used 
in  the  Parsons  type  of  turbine,  so  that  the  superheat  field  is  of 
interest  mainly  to  the  designer  of  turbines  in  which  the  first 
few  stages,  at  least,  are  of  the  impulse  type,  not  requiring  fine 
radial  clearances.  In  such  a  turbine,  the  first  one  or  two  stages 
will  usually  have  rather  large  pressure  ratios  and  will  get  rid 
of  the  superheat,  so  that  the  remaining  stages  are  working  with 
wet  steam.  It  is  not  a  serious  matter  to  treat  one  or  two  stages 
separately,  by  determining  the  state-points  graphically,  and 
it  is  usually  necessary  to  46  so  for  at  least  one  stage.  For  the 
first  stage  is  usually  not  quite  like  the  later  stages  and  has  not 
the  same  stage  efficiency,  so  that  an  expansion  line  drawn  for 
constant  stage  efficiency  could  not  fit  the  facts  in  any  event. 

(e)  The  whole  idea  of  the  reheat  factor  and  the  need  of  drawing 
the  expansion  line  arises  from  the  fact  that  the  combined  effi- 
ciency of  a  ntunber  of  similar  stages  in  series  is  greater  than  the 
efficiency  of  each  stage  separately.  The  method  developed  for 
finding  the  reheat  factor  was  based  on  the  assumption  that  the 
heat-drop  in  each  stage  was  small,  for  it  consisted  in  developing 
and  integrating  a  differential  equation  for  the  expansion  line. 
For  a  few  stages  with  very  high  steam  velocities,  the  results 
would  not  be  exact,  but  the  whole  matter  is  also,  in  that  case, 
of  no  importance ;  for  the  graphical  construction  for  a  few  stages 
is  a  simple  operation  and  involves  no  great  waste  of  time. 
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(J)  The  notion  of  a  reheat  factor,  as  the  term  has  been  used  in 
this  paper,  is  not  applicable  to  a  single  stage.  Let  p^  and  />,  be 
the  limiting  pressures  of  a  given  single  stage,  and  A  (Fig.  9)  the 
initial  state. 


H 


Fig.  9 


Then  if  £  is  the  final  state 


AD    H,-H^ 
AC^H.^H^ 

is  the  ratio  of  the  mechanical  energy  produced  to  the  mftyimtim 
possible  in  adiabatic  expansion.  If,  as  may  be  assumed  in  an 
impulse  stage,  the  diflFerence  of  kinetic  energy  between  similarly 

situated  points  is  negligible,  AD/AC=^€  is  the  elEciency  of  the 
stage.  This  is  true  regardless  of  whether  the  isopiestics  are 
straight  or  curved,  i.  e.,  whether  the  steam  is  wet  or  superheated, 
so  long  as  5  is  at  /),,  i4C  is  vertical  and  DB  is  horizontal.  If  the 
net  efficiency  of  the  stage  is  given  beforehand,  B  is  thus  fixed  by 
the  initial  state  A  and  the  final  pressure  p2  and  there  is  no  question 
of  a  reheat  factor. 

But  the  efficiency  €  may  have  been  obtained  in  either  of  two 
ways.  If  it  was  obtained  by  experiments  on  a  stage  similar  to 
the  one  in  question  and  working  under  similar  conditions,  there 
is  nothing  more  to  be  said.  But  if  it  was  computed  from  a  velocity 
diagram  drawn  with  proper  allowances  for  velocity  losses  in  noz- 
zles and  blades,  with  subsequent  correction  for  windage  and 
leakage,  the  case  may  be  a  trifle  different  in  theory  though  hardly 
in  practice. 
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Let  A  and  therefore  C  be  given,  and  let  Z?  be  so  placed  as  to 
make  AI>fAC^€,  where  e  is  the  computed  efficiency.  It, now 
becomes  a  question  of  when  the  various  elements  of  the  total  dis- 
sipation occur  and  of  the  temperattu-e  of  the  steam  when  the 
various  elements  of  the  reheat  are  added  to  it;  In  an  impulse 
stage,  in  general,  only  a  small  fraction  of  the  dissipation  occurs 
in  the  nozzles,  hence  the  reheat  is  almost  all  added  to  the  steam 
after  the  lowest  pressure  and  temperature  have  been  reached. 
The  actual  expansion  line  is  therefore  nearly  coincident  with  the 
broken  line  ACB,  which  would  be  the  expansion  line  if  all  the  dis- 
sipation and  reheating  took  place  at  />,.  Hence,  if  e  were  computed 
by  some  method  which  treated  the  reheat  as  all  added  at  the  low 
pressure,  while  in  reality  a  little  of  it  is  added  at  a  higher  presstn-e 
and  temperattn-e  in  the  nozzles,  the  efficiency  thus  computed 
would  be  a  trifle  too  small  and  should  be  multiplied  by  a  factor 
analogous  to  the  reheat  factor  which,  in  eflFect,  is  introduced  to 
allow  for  the  fact  that  in  a  series  of  stages  the  reheat  is  distributed 
instead  of  being  concentrated  at  the  end  of  the  last  stage.  The 
improvement  in  accuracy  due  to  the  use  of  such  a  factor  would, 
however,  be  altogether  illusory  tmtil  otu*  experimental  knowledge 
is  sufficient  to  permit  of  a  far  more  accurate  a  priori  computation 
of  the  stage  efficiency  than  is  at  present  possible. 

To  apply  a  reheat  factor  computed  for  the  case  of  continuous 
expansion  through  an  infinite  number  of  stages,  to  expansion 
between  the  same  presstu^e  limits  through  a  single  stage,  is  alto- 
gether erroneous. 

(g)  In  conclusion  we  may  say  that,  so  far  as  present  practice  is 
concerned,  the  fact  the  method  given  in  this  paper  for  finding  the 
value  of  the  reheat  factor  is  applicable  only  to  wet  steam,  is  not 
an  important  restriction  on  its  usefulness.  In  the  designing  of 
ttu'bines  with  many  similar  stages,  its  use  may  save  a  great  deal 
of  time  that  would  otherwise  have  to  be  spent  over  the  drawing 
board. 

NOTB  (TO  SBC.  D.-^UMITATIONS  OF  THB  THBORT 

In  the  total  energy  equation,  the  terms  To  and  T  are  taken  as 
including  only  kinetic  energy  of  the  axial  component  of  the 
velocity  of  the  fluid.    This  is  done  because  the  only  kinetic  energy 
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which  can  be  utilized  mechanically  is  that  due  to  the  general 
motion  of  the  fluid  as  a  whole.  Kinetic  energy  which  is  not 
utilizable,  such  as  that  of  eddy  currents,  is  for  our  purposes  not  to 
be  counted  as  **mechanicar'  energy.  It  must  ultimately  be  dis- 
sipated into  heat;  and  motions  which  are  already  so  unordered  as 
to  be  incapable  of  mechanical  utilization  may  be  considered  as 
already,  for  our  purposes,  completely  dissipated.  It  is  of  no 
importance  to  the  practical  theory  of  steam  flow  whether  they 
have  already  become  completely  imordered  in  the  molecular  sense 
or  not. 

A  question  then  arises  as  to  what  is  meant  by  the  **  state  "  of  a 
mass  of  fluid  when  it  is  the  seat  of  eddy  currents  which  are  still  on 
a  relatively  large  scale  though  already  beyond  otu  power  to  utilize 
their  kinetic  energy  directly.  In  going  on  to  complete  dissipation, 
they  "  produce  heat, "  which  is  merely  our  convenient  way  of  say- 
ing that  the  dissipation  tends  to  raise  the  temperature  of  the  fluid. 
We  are  thus  led  to  ask  precisely  what  is  meant  by  the  temperature 
of  the  fluid  at  a  given  point  in  its  course,  and  a  very  little  considera- 
tion at  once  makes  it  clear  that  the  "  state  "  of  a  mass  of  fluid  can 
not  be  precisely  defined  at  all,  unless  it  is  a  state  of  quiescence. 
Turbulent  states  are  not  capable  of  precise  description,  and  the 
terms  pressure  and  temperature  have  no  precise  meaning  when 
referring  to  a  fluid  in  a  condition  of  turbulent  motion  nor  even 
when  referring  to  a  voliune  element  of  a  fluid  moving  as  a  whole 
with  a  rapid  acceleration. 

But  though  the  precise  treatment  of  the  vastly  complicated 
process  of  steam  flow  through  a  turbine  is  quite  beyond  our  pow- 
ers, the  only  important  question  is  whether  our  theory  is  nearly 
enough  correct  for  practical  purposes — ^whether  it  represents  the 
facts  sufficiently  well  to  be  useful  in  predicting  what  will  happen 
practically  in  a  future  case.  This  question  may  without  hesitation 
be  answered  afiirmatively.  We  neglect  certain  recognized  errors 
in  the  theory  and  while  we  can  not  say,  a  priori,  just  how  large 
these  errors  are,  we  find  a  posteriori  that  they  are  negligible  if  we 
use  the  theory  with  good  judgment  and  do  not  throw  common 
sense  to  the  winds.  If  one  attempted  to  meastue  the  temperature 
of  the  steam  issuing  from  a  de  Laval  nozzle  by  putting  the  bulb  of 
a  mercurial  thermometer  directly  in  the  jet,  and  then — ^asstuning 
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that  the  thermometer  could  endure  such  treatment — compared 
the  readings  with  the  theory,  one  might  find  very  large  discrepan- 
cies.    But  no  sensible  person  would  expect  anjrthing  else. 

Every  physical  theory  is  built  upon  a  simplified  ideal  picture  of 
the  main  outlines  of  the  known  facts.  The  simplifications,  when 
recognized,  constitute  the  asstunptions  or  hypotheses  stated  as  a 
basis  for  the  theory.  The  degree  of  simplification  permissible 
depends  on  the  accuracy  expected  in  using  the  theory  for  predic- 
tion and  is  limited  by  the  accuracy  attainable  in  the  experimental 
verification  of  the  results  of  prediction.  In  these  respects  the 
theory  of  the  steam  turbine  does  not  differ  at  all  from  other  physical 
theories;  only  it  happens  that  the  acciu-acy  required  of  the  theory 
is  low  on  accotmt  of  experimental  difficulties,  and  that  the  things 
which  the  theory  neglects  in  making  its  ideal  picture  of  the  facts 
are  so  obvious  that  anyone  can  see  them. 

WASfflNGTON,  March  2,  191 1. 
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L  INTRODUCTION 

Althdugh  investigations  of  infra-red  absorption  spectra  were 
begun  about  25  years  ago,  it  was  not  until  the  first  years  of  the 
present  century  that  an  attempt  was  made  to  systematize  the  data 
previously  obtained,  and  to  publish  it,  as  well  as  new  data,  in 
standard  wave  lengths.  This  was  due  in  part  to  the  lack  of  knowl- 
edge of  the  optical  constants  (which  precluded  the  calibration)  of 
the  prisms  used  and  to  the  difl&culty  in  operating  the  spectroradio- 
metric  apparatus.  To  some  the  data  seemed  to  be  of  interest,  but 
of  no  great  utilitarian  value.  To  others  the  data  seemed  useless 
because  of  the  question  of  the  purity  of  the  material  used  and 
because  of  their  not  recognizing  that  the  absorption  spectrum  of 
the  impurity  will  be  weak  and  will  be  superposed  upon  that  of  the 
substance  in  question. 

74356*—" — 9  ^'^ 
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The  early  experimenters  were  at  variance  as  to  whether  the 
cause  of  the  absorption  bands  is  an  inter-  or  intra-molecular 
phenomenon.  If  the  cause  is  intra-molecular,  then  it  ought  to  be 
possible  to  identify  certain  characteristic  absorption  bands  with 
specific  groups  of  atoms  or  radicals  in  the  compound  under 
investigation.  Now,  in  the  study  of  the  carbon  compounds  their 
constitution  has  been  established  by  the  replacement  of  certain 
constituents  by  organic  radicals,  by  the  preparation  of  a  series  of 
derivatives,  by  vapor  density  determinations,  or  by  stud)ring  their 
physical  properties  in  solution.  Hence,  following  the  example  of  the 
preceding  experimenters,  the  writer  turned  to  organic  compounds 
for  examples  of  substances  having  characteristic  groups  of  atoms. 
Searching  for  further  illustrations,  groups  of  inorganic  substances 
(e.  g.,  sulphates  and  nitrates)  were  examined.  The  chemical  for- 
mulae of  minerals  appeared  to  be  written  with  such  exactness  that 
this  seemed  a  rich  field  for  material.  But  it  was  soon  found  that 
in  mineralogy  it  has  as  yet  not  been  possible  to  apply  any  of  the 
aforesaid  methods  used  in  organic  chemistry,  that  the  constitution 
of  many  minerals  has  been  derived  indirectly  from  analogies  with 
other  compotmds  which  are  better  understood,  and  that  in  many 
cases  the  constitutional  formulae  are  in  doubt. 

Being  familiar  with  the  older  ideas  in  regard  to  the  condition  of 
water  in  crystals,  it  seemed  easy  to  settle  the  question  of  inter- 
molecular  action  in  causing  absorption  bands,  by  investigating 
substances  containing  ivaier  of  constitution  and  water  of  crystaUiza- 
tion;  but  at  the  very  beginning  *  it  was  found  that  this  particular 
subject  was  in  a  more  hopeless  state  of  confusion  than  all  the  rest. 

In  the  meantime  extensive  investigations  of  all  sorts  of  com- 
pounds proved  conclusively  that  the  important  groups  of  elements, 
radicals,  which  are  found  in  chemical  compounds,  have  a  definite 
effect  upon  radiant  energy,  especially  upon  low  frequency  or  so- 
called  infra-red  radiation.  This  effect  is  manifested  by  intense 
absorption  bands,  the  positions  of  which  are  characteristic  of  the 
radical  or  group  of  atoms  causing  these  bands. 

Hence  as  a  result  of  the  application  of  these  facts  it  has  come 
about  that  instead  of  turning  to  chemistry  and  to  other  branches 

^  Coblentz:  Phyacal  Review,  20,  p.  352;  1905. 
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of  physics  to  obtain  evidence  to  explain  the  phenomena  observed 
when  radiant  energy  is  passed  through  or  is  reflected  from  a  sub- 
stance, the  problem  is  reversed  and  these  very  phenomena  are  now 
applied  to  explain  several  conspicuous  and  intricate  questions  con- 
cerning the  constitution  of  matter,  and  in  particular  the  question 
of  the  manner  in  which  water,  or  the  constituents  which  form 
water,  are  combined  m  chemical  compounds. 

The  investigation  of  water  in  minerals  has  been  carried  on  at 
various  times  *  during  the  past  six  years.  -  It  consisted  in  but 
little  more  than  gathering  data  and  publishing  it,  leaving  to  the 
future  the  practical  applications. 

The  interest  which  Dr.  Hillebrand  has  taken  in  this  method  of 
analysis  has  served  to  renew  my  interest  in  it  and  to  further  test 
its  possibilities.  After  due  consideration  of  the  problem  it  was 
deemed  best  to  renew  the  work  by  investigating  opals  having 
different  amounts  of  water,  from  3  to  8  per  cent.  After  begin- 
ning the  work  it  was  foimd  possible  to  decrease  the  water  content 
of,  and  even  to  completely  dehydrate,  some  specimens  without 
seriously  unpairing  their  homogeneity.  The  material  was  selected 
from  the  collection  in  the  United  States  National  Musetun.  The 
water  content  was  very  kindly  determined  by  Dr.  Hillebrand, 
after  which  the  cutting  of  the  sections  was  done  by  the  United 
States  Geological  Survey. 

n.  THE  FUNCTION  OF  WATER  IN  SUBSTANCES 

The  manner  in  which  waier  of  crystallizaiion  is  held  in  minerals 
is  not  imderstood.  By  some  it  is  considered  to  belong  to  the 
molecular  structiue;  by  others  it  is  held  that  the  molecules  of 
water  belong  only  to  the  crystalline  structure.  It  is  a  character- 
istic of  water  of  crystallization  that  it  is  expelled  from  a  mineral 
by  very  gentle  ignition,  always  at  a  temperature  far  below  red 
heat  and  frequently  below  100°  C. 

In  the  case  of  water  of  constitution,  the  water  is  not  supposed 
to  exist  as  such  in  the  mineral,  but  to  result  from  the  union  of 

^  Water  of  Constitution  and  Water  of  Crystallization,  Phys.  Rev.,  20,  p.  252;  1905. 
Phys.  Rev.,  28,  p.  125;  1906.  This  Bulletin,  2,  p.  457;  1907.  Jahrbuch  f.  Radio- 
aktivit&tund  Electronik,  8,  p.  397;  1907.  Phys.  Rev.,  80,  p.  322;  1910.  Publica- 
tion No.  65,  Carnegie  Institution  of  Washington. 
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oxygen  and  hydrogen  or  from  hydroxyl  groups  contained  in  the 
molecule.  It  is  characteristic  of  this  class  of  substances  that  they 
must  be  strongly  heated,  sometimes  to  a  white  heat,  before  they 
are  decomposed  and  all  the  water  is  expelled. 

The  earlier  writers  held  that  in  the  case  of  crystalline  sub- 
stances the  molecules  of  water  exist  in  their  entirety,  situated 
among  the  other  molecules  of  the  substance,  whence  the  name 
water  of  crystallization. 

* '  The  compounds '  containing  water  of  crystallization  are  usually 
denied  the  title  of  atomic  compounds,  ordinarily  applied  to  com- 
binations of  two  or  more  elements  in  which  the'  constituent 
atoms  .are  associated  in  a  single  molecule,  under  the  influence  of 
the  force  which  has  received  the  name  of  chemical  aflSnity,  and 
in  contradistinction  are  termed  molecular  compounds,  being  re- 
garded as  combinations  of  two  or  more  separate  molecules,  e.  g., 
CaS04  +  2H3O.  This,  although  perhaps  true  of  many  compounds 
containing  water  of  crystallization,  is  certainly  not  true  of  all,  and 
notably  of  some  of  the  sulphates  (e.  g.,  MgSO^H- 711,0),  which  are 
deprived  of  their  water  of  crystallization  by  heating  to  a  high 
temperattu-e.  The  last  molecule  retained  with  such  persistency 
was  termed  water  of  constitution  to  distinguish  it  from  water  of 
crystallization. 

In  the  present  state  of  our  knowledge  it  is  impossible  absolutely 
to  define  the  meaning  of  these  terms,  or  even  to  say  that  there  is 
an  absolute  difference  between  the  so-called  water  of  crystalliza- 
tion and  water  of  constitution^  and  not  merely  one  of  degree." 

In  many  compounds  the  affinity  seems  different  for  the  different 
parts  of  the  crystal  water.  For  example,  ordinary  alum 
AlK(S04),  +  i2H,0  gives  off  five  molecules  of  H,0  at  100*^,  and 
five  molecules  at  120^,  while  the  last  two  molecules  remain  until 
heated  to  200^.  In  the  same  manner  in  the  sulphates  of  Mg, 
(MgS04  +  7H,0) ,  Zn,  Fe,  Ni,  and  Co  six  molecules  of  water  are 
given  off  at  about  130°  while  the  last  molecule  of  H,0  does  not 
pass  off  until  heated  to  200°  to  300°  C.  Examples  of  water  of 
constitution  are  mica,  and  brucite,  Mg(OH)„  in  which  the  O  and 

*  Encyclopedia  Britannica,  9th  ed.»  V,  pp.  4B9,  505.    See  also  Graham-Otto  Lehr- 
buch  der  Chemie,  II,  p.  173. 
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H  atoms  are  not  united  as  H3O,  and  do  not  unite  to  form  water 
tmtil  sufficient  heat  is  applied. 

In  cases  where  successive  portions  of  water  are  given  oflf  at 
different  temperatures  it  is  difficult  to  make  a  distinction  between 
water  of  crystallization  and  water  of  constitution.  In  the  min- 
erals just  quoted  it  has  been  found  that  the  heat  of  hydration  of 
the  last  molecule  of  water  is  different  from  that  of  the  molecules 
of  water  which  pass  oflf  at  a  lower  temperature,  which  confirms 
the  belief  of  a  diflference  in  the  bonding  in  the  two  cases. 

Various  other  criteria  have  been  set  up  (often  based  upon  phys- 
ical tests,  refraction  and  polarization)  by  experimenters  to  dis- 
tinguish between  these  various  forms  of  water,  but  all  seem  unsat- 
isfactory. For  example,  the  fact  that  in  certain  crystals  the 
water  passes  oflf  at  one,  two,  or  three  fixed  temperatures,  with  a 
supposed  change  in  homogeneity,  has  been  considered  evidence 
that  the  water  is  present  as  a  definite  compound.  But  the 
absorption  and  reflection  bands  of  selenite  (CaS04 -f  2HjO)  show 
that  it  is  a  ''double  salt'*  or  ''molecular  compound;"  for  the 
spectrum  of  selenite  is  the  composite  of  the  spectra  of  anhydrite 
CaSO^,  and  of  water,  HjO.*  If  selenite  were  a  new  compound, 
formed  by  the  tmion  of  water  and  CaSO^,  then  the  (absorption 
and  reflection)  spectrum  should  be  entirely  different  from  that 
of  the  constituents,  just  as  is  true  of  mica.  That  some  of  these 
hypotheses  are  too  limited  is  shown  by  the  fact  that  the  absorp- 
tion spectra  of  various  substances  like  selenite,  opal,  and  the 
zeolites  are  identical  as  regards  the  position  and  intensity  of  the 
water  bands.  The  water  must  therefore  be  present  in  the  same 
manner  in  these  two  types  of  crystals;  and  since  the  absorption 
bands  are  identical  with  those  of  water  in  its  free  (liquid)  state 
it  would  appear  that  the  temperature  fixed  point  and  vapor 
pressure  tests  are  not  a  sufficient  criterion  for  judging  this  ques- 
tion. If  the  water  were  chemically  combined  in  selenite,  then 
one  would  expect  to  flmd  the  absorption  bands  of  water  to  be 
absent.  It  would  appear  just  as  tenable  to  consider  the  water 
occluded  under  a  definite  pressure,  which  raises  its  boiling  point 
to  a  higher  temperature.     [In  this  connection  it  would  be  interest- 

^This  Bulletin,  2,  p.  457;  1907.    Carnegie  Publication  No.  65,  pp.  18,  77,  and  79. 
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ing  to  investigate  the  expansion,  with  change  in  temperature,  of 
crystals  containing  water  of  crystalUzation,  to  learn  whether  there 
is  a  minimum  such  as  obtains  in  water  at  4^  C]  Or  we  may  liken 
the  crystal  unto  a  block  built  up  of  bricks  and  mortar.  This 
analogy  can  not  extend  very  far,  since  an  explanation  is  demanded 
why  in  the  one  case  the  cement  (water)  crumbles  at  a  definite 
temperature  while  in  other  cases  (zeoUtes)  the  phenomenon  is 
progressive  with  rise  in  temperature. 

That  the  hypothesis  that  water  in  crystals  is  united  as  a  definite 
compotmd  is  based  on  a  too  narrow  fotmdation  is  illustrated  in 
the  zeolites.  They  are  crystalline  compounds  and  the  water  is 
very  loosely  held.  The  water  continues  to  be  gradually  expelled 
as  the  temperature  is  raised,  and  it  may  be  replaced  by  other 
substances,  such  as  NH„  H,S,  or  C,H,OH.  The  dehydrated 
crystals  absorb  definite  quantities  of  these  substances  as  a  sponge 
absorbs  water,  the  process  being  accompanied  by  the  evolution 
of  heat.  Since  the  amount  of  water  present  varies  continuously 
with  the  vapor  pressure,  it  is  generally  concluded  that  the  water 
in  the  zeolites  is  not  analogous  to  the  water  of  crystallization  of 
most  hydrated  salts,  but  resembles  more  nearly  the  intermixture 
which  occurs  in  soUd  solution.  In  this  case  the  h)rpothesis  is 
tenable,  for  amorphous  substances,  e.  g.  opal,  which  have  similar 
absorption  spectra,  are  also  considered  solid  solutions;  and  in 
both  groups  of  minerals  the  absorption  spectrum  of  the  hydrated 
material  is  the  composite  of  water  and  of  the  anhydrous  sub- 
stance. But  the  vapor  pressure  criterion  is  not  sufficient  to  judge 
minerals  as  may  be  noticed  from  the  experiments  on  tremoUte. 
Here,  too,  the  water  is  expelled  gradually  *  with  rise  in  tempera- 
ture and  it  was  considered  dissolved  water;  but  po  absorption 
bands  of  water  are  observable.  The  small  bands  at  2.9/x  may  be 
due  to  hydroxy  1  groups  as  inferred  by  Penfield  and  Stanley  • ;  for 
in  brucite  Mg(0H)2,  in  diaspore,  AIO(OH),  and  in  g5thite, 
FeO(OH)  the  3/*  band  is  very  weak ',  as  is  true  of  the  band  in 
tremolite. 

^  Allen  and  Clement:  Amer.  Jotir.  Sci.,  26,  p.  xoi;  1908. 
•  Penfield  and  Stanley:  Amer.  Jour.  Sci.,  28,  p.  23;  1907. 

^  Publication  No.  65,  Carnegie  Institution  of  Washington.  This  Bulletin,  2, 
p.  466;  1907. 
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Turning  from  the  crystals  (e.  g.  sulphates)  which  give  off  their 
water  at  one  or  more  fixed  temperatures  to  the  zeolites,  which  are 
also  crystalline  substances,  it  is  found  as  mentioned  on  a  previous 
page,  that  in  the  latter  group  of  minerals  the  water  is  given  off 
gradually  between  100®  and  about  400®.  To  explain  this  phe- 
nomenon it  is  supposed  that  the  water  is  not  chemically  combined, 
but  is  present  as  soUd  solution.  On  this  hypothesis  the  water 
should  be  present  as  such,  and  should  give  the  absorption  bands  of 
water.  As  a  matter  of  fact,  as  already  mentioned,  the  zeolites  do 
show  the  absorption  bands  of  water;  but  so  do  the  sulphates  and 
other  substances  in  which  the  water  is  expelled  at  a  fixed  tempera- 
tiwe,  indicating  the  sameness  of  the  water  in  both  groups.  It  is 
not  clear  to  the  writer  why,  if  in  some  substances  the  water  may 
be  expelled  at  one  fixed  temperattire  and  in  another  substance  at 
several  fixed  temperatures,  it  is  not  possible  to  have  still  other 
crystalline  structures  from  which  the  water  may  be  expelled  at  all 
temperatiwe  gradations;  and  yet  have  the  water  present  in  the 
same  condition  in  all  of  them,  as  indicated  by  the  radiometric  tests. 

m.  THE  CIUTEIUON  USED  IN  THE  PRESENT  METHOD  OF 

ANALYSIS 

The  criterion  used  in  the  present  investigation  for  judging  the 
condition  of  water  in  compounds  is  based  upon  the  evidence 
deduced  from  extensive  experimental  data  which  shows  that  the 
absorption  spectnun  of  a  compound  is  not  the  composite  of  the 
absorption  bands  of  the  constituent  elements.  In  this  case  the 
"physical  molecule"  has  been  changed.  On  the  other  hand,  if 
the  molecules  (or  the  groups  of  atoms  which  cause  the  character- 
istic absorption  bands)  undergo  no  physical  change  when  they 
combine  to  form  a  crystal  (e.  g.,  selenite,  CaS04+2H20)  or  when 
they  enter  into  solution,  then  the  absorption  spectrum  of  the 
resultant  combination  will  be  the  composite  of  the  absorption 
bands  of  the  constituents.  Now  this  is  the  proposition  that  con- 
flicts with  some  of  the  notions  concerning  definite  chemical  com- 
pounds. From  the  fact  that  there  is  a  certain  heat  of  hydration 
manifested  in  the  formation  of  a  crystalline  substance,  e.  g., 
hydrous  sulphates,  it  is  inferred  that  there  is  a  new  compound 
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formed,  when  as  a  matter  of  fact  the  radiometric  test  shows  that 
the  water  and  the  sulphate  bands  are  just  the  same  in  magnitude 
and  in  position  as  they  were  before  the  constituents  were  united. 
In  judging  the  condition  of  water  in  minerals  the  main  difficulty 
is  in  using  substances  which  in  the  anhydrous  state  have  no  large 
absorption  bands  near  the  bands  characteristic  of  water  in  its  free, 
liquid,  state.  An  excellent  example  is  found  in  selenite,  CaS04  + 
2H3O,  which  has  an  unusually  large  absorption  band  at  4.6^. 
This  seemed  to  throw  doubt  upon  the  adequacy  of  the  radiometric 
test  until  after  the  examination  of  anhydrite,  CaS04,  and  other 
anhydrous  sulphates,  when  it  was  shown  that  this  large  absorption 
band  is  characteristic  of  the  sulphates.  In  the  same  manner  the 
presence  of  OH  groups  in  cane  sugar  confuses  matters  at  3/i,  so  that 
the  probability  of  cane  sugar  having  a  molecule  of  water  of  crystal- 
lization is  based  upon  the  evidence  deduced  from  the  presence  of 
absorption  bands  at  1.5/1  and  4.75A*  which  coincide  with  the  water 
bands  at  these  points.  The  evidence  not  being  very  strong  in  this 
case,  the  writer  has  never  laid  much  stress  upon  it,  in  spite  of  the 
great  similarity  of  the  spectrum  to  that  of  other  sugars  having 
H3O.  In  all  the  other  examples  previously  described,  the  most 
superficial  examination  shows  that  the  absorption  bands  of  water 
in  the  various  minerals  are  identical  in  magnitude  and  in  position 
with  those  fotmd  in  water  in  its  free  liquid  state.  Hence,  in  the 
present  investigation,  the  criterion  for  distinguishing  water  of 
crystallization  from  water  of  constitution  is  the  presence  of  absorp- 
tion bands  at  1.5,  2,  3,  4.75,  and  6/£  which  is  the  location  of  the 
absorption  bands  of  water.  If  there  are  no  other  absorption 
bands  nearby,  then  the  intensity  of  these  bands  will  be  found 
similar  to  those  of  water,  viz.,  the  bands  at  1.5,  2,  and  4.75/*  will  be 
weak  while  the  bands  at  3/£  and  6/£  will  be  very  strong.  Hydroxyl 
groups  cause  an  absorption  band  at  3/£,  hence  not  distinguishable 
when  present  with  water.  Furthermore,  the  evidence  for  OH 
groups  is  not  so  clear  cut  and  definite  as  is  found  in  water  of 
crystallization.  The  intensity  of  the  band  seems  to  depend  upon 
the  activity  of  the  OH  group.  For  example,  of  the  various 
hydroxides  studied,  the  alcohols,  etc.,  have  a  sharply  defined 
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band  at  3/£  while  in  brucite,  MgCOH),,  and  in  several  other 
minerals,  the  band  at  3/1  is  almost  if  not  entirely  wanting.  In  the 
alcohols,  etc.,  the  OH  is  more  active  since  its  hydrogen  is  replacable 
by  a  metal  (more  acid),  than  the  OH  in  brucite  which  is  not 
replacable  (more  basic) .  Whether  this  is  the  true  explanation  of 
the  phenomenon  remains  undetermined;  and  since  the  question 
of  OH  groups  is  of  secondary  importance  in  the  present  work,  it 
need  not  be  given  further  attention  at  present. 

In  passing  it  is  of  interest  to  note  that  substances  containing  the 
C=0  group  (aldehydes,  ketones,  acids,  esters)  have  a  very  marked 
absorption  band  in  the  region  of  5.8  to  5.9;*.  Silicates,  as  well  as 
quartz,  have  a  very  small  absorption  band  in  the  region  of  2.9/A, 
which  is  barely  noticeable  in  the  thin  sections  of  minerals  exam- 
ined. Since  the  band  is  so  weak,  there  is  no  danger  of  confusing 
it  with  the  strong  water  band  at  3/*  in  opals. 

In  contrast  with  the  other  criteria,  the  radiometric  test  of  the 
condition  of  water  in  minerals  gives  far  more  consistent  results 
in  classifying  certain  minerals.  It  is  to  be  noticed,  however,  that 
this  method  of  analysis  shows  no  distinction  between  water  of  crys- 
tallization, dissolved  water,  and  water  of  solid  solution.  In  its 
behavior  toward  radiant  energy  the  molecule  of  water  in  crystals 
and  in  solid  solution  is  identical  with  water  in  its  free  liquid  state. 
This  is,  of  course,  in  conflict  with  the  commonly  accepted  notions 
concerning  water  of  crystallization  and  water  of  solid  solution ;  but 
it  seems  to  be  the  only  logical  interpretation  of  the  data  obtained 
by  the  present  method. 

The  main  difiiculty  in  this  investigation  is  in  obtaining  sub- 
stances which  in  the  anhydrous  state  are  free  from  absorption 
bands.  This  is  practically  impossible,  since  all  substances  have 
characteristic  absorption  spectra.  Hence  the  best  that  one  can  do 
is  to  investigate  various  substances.  Some  give  inconclusive  evi- 
dence in  one  region  of  the  spectnun,  e.  g.,  cane  sugar  at  3/*,  while 
others  confuse  matters  further  in  the  infra-red,  e.  g.,  the  sulphates 
at  4. 55/A.  Considered  as  a  whole,  however,  the  evidence  is  complete 
and  convincing. 
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Vf.    THE    LEAST    THICKNESS    OF    WATER    DETECTABLE 

RADIOMETSICALLT 

This  is  about  the  first  question  asked  in  connection  with  the 
methods  used  in  the  present  investigation. 

On  a  subsequent  page  it  will  be  shown  that  a  given  layer  of 
water  vapor  is  far  more  transparent  than  the  same  coltmm  when 
condensed  into  a  liquid  film,  although  the  large  absorption  bands 
are  found  in  both  the  liquid  and  in  the  vapor  phase,  the  only  dif- 
ference being  that  of  intensity.  The  film  of  water  which  is  found 
on  rock  salt  (prisms)  does  not  cause  absorption  bands. 

Whether  the  absorption  bands  of  water  are  absent  in  substances 
which  are  more  hydroscopic  than  rock  salt  (or  in  rock  salt  itself 
when  exposed  to  very  humid  air)  has  not  been  determined;  Fur- 
thermore, it  must  be  shown  that  such  a  film  of  water  is  continuous. 

It  will  be  shown  presently  (see  Figs.  6  and  7)  that  after  dehy- 
drating a  certain  sample  of  opal  it  absorbed  water  at  the  rate  of 
about  0.06  per  cent  (see  Fig.  7,  B)  per  day.  The  various  trans- 
mission ciuves  are  so  widely  separated  that  an  increase  in  the  water 
content  amounting  to  one-third  to  one-fourth  this  value  (or  0.02 
per  cent)  could  easily  have  been  detected.  The  thickness  of  the 
section  of  opal  was  0.105  mm;  and  if  0.02  per  cent  of  it  is  water 
the  equivalent  layer  of  water,  if  concentrated  into  a  liquid  film, 
would  be  about  3/100,000  mm  in  thickness. 

V.  APPARATUS   AND    METHODS    USED 

The  apparatus  used  in  the  present  investigation  is  essentially  the 
same  as  used  in  previous  work.  The  spectrum  was  produced  by 
means  of  a  60°  fluorite  prism  mounted  on  a  spectrometer  made  of 
silvered  mirrors  50  cm  in  focal  length.  The  spectrum  was  ex- 
plored by  means  of  a  very  sensitive  vacutmi  bolometer,  which  is 
now  being  used  in  all  radiation  work  requiring  high  precision.  The 
complete  period  of  the  auxiliary  galvanometer  was  only  4  seconds, 
which  means  a  great  saving  in  time  when  one  considers  that  in 
some  of  the  earlier  work  i  to  1.5  minutes  were  required  to  make  a 
single  observation.  The  spectrometer  slit  and  the  width  of  the 
bolometer  were  0.6  mm  wide  or  4'  arc.  A  Nemst  glower  was  used 
as  a  source  of  energy.     An  image  of  the  glower  was  projected  upon 
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the  spectrometer  slit  by  means  of  a  15-cm  focal  length  silvered 
mirror.  The  crystal  section  was  motmted  in  a  holder  directly  in 
front  of  the  spectrometer  slit.  The  methods  of  observation  con- 
sisted in  (i)  noting  the  galvanometer  deflection  when  the  crystal 
section  was  in  the  path  of  the  light  from  the  glower,  and  (2)  noting 
the  galvanometer  deflection  when  the  crystal  section  was  not  before 
the  spectrometer  slit.  The  ratio  of  (i)  -^  (2)  gives  the  transmission 
in  any  given  part  of  the  spectnmi,  and  it  is  simply  a  matter  of 
setting  the  bolometer  in  different  parts  of  the  spectrum  and  noting 
the  two  galvanometer  deflections.  The  method  is  analogous  to 
spectrophotometric  measurements,  the  bolometer  being  substi- 
tuted for  the  eye.  An  accuracy  of  i  part  in  200  to  400  is  easily 
attainable,  which  is  more  precise  than  is  required. 

The  mmeral  sections  were  ground  thin  but  not  highly  polished; 
The  size  of  the  specimens  was  about  8  by  15  mm.  They  were 
mounted  upon  thick  cardboard  havmg  rectangular  openings  cut 
therein.  In  this  manner  no  Ught  reached  the  spectrometer  sUt, 
except  that  which  passed  through  the  mineral  section. 

For  further  details  in  regard  to  apparatus  and  methods  of 
observation  the  reader  is  referred  to  previous  investigations  of  a 
similar  natm-e.® 

VI.  SUMMARY    OF   PREVIOUS    DATA 

In  previous  investigations  of  at  least  34  substances,  said  to 
contain  "water  of  crystallization,"  the  one  exception  (aside  from 
tremolite  which  is  included  m  the  present  paper)  to  the  rule  that 
such  substances  show  the  absorption  bands  of  water  was  brucine, 
CJ3H20N2O4+4H2O,  which  is  an  alkaloid  having  a  complicated 
and  unknown  structtu-e.  An  extensive  examination  of  this  com- 
pound failed  to  reveal  any  absorption  bands  of  water.  The 
transmission  ctu^e*  has  sharp  bands  at  1.7,  3.43,  6.86,  and  7.3/A 
which  are  to  be  fotmd  in  all  substances  containing  CH,  and  CHj 
groups.  It  has  also  a  very  large  band  at  5.95A*  (and  8.3/i)  which 
is  to  be  f oimd  in  all  substances  containing  the  C  =  O  group.     It  is 

*  Physical  Rev.,  16,  p.  35;  1903.    Publication,  Carnegie  Institution  No.  35,  1905; 
No.  97,  Z908.    This  Bulletin,  4,  p.  393;  1907. 

*  Publication  No.  65,  p.  40,  Carnegie  Institution  of  Washington. 
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quite  transparent  throughout  the  infra-red.  It  is  supposed  to 
contain  16  per  cent  of  crystal  water  which  would  be  sufficient  to 
cause  a  far  greater  opacity  than  was  observed  radiometrically. 

The  list  of  minerals  containing  water  of  constitution  included 
about  a  dozen  samples  of  hydroxides  (OH  groups).  As  stated 
elsewhere,  the  absorption  band  of  OH  groups,  which  is  so  charac- 
teristic of  alcohols  at  3/*,  is  often  very  weak  and  sometimes  it  is 
entirely  unresolved  by  the  spectroscope.  In  serpentine  there  is  a 
band  at  3/*  which  is  very  strong,  and  confirms  the  view  that  there 
are  hydroxyl  groups  present  in  this  mineral.  The  radiometric 
analysis  also  confirmed  the  view^^  that  there  are  no  hydroxyl 
groups  in  talc,  in  which  there  is  not  even  a  trace  of  an  absorption 
band  at  3/i. 

The  one  exception  to  the  other  methods  of  classif)dng  the  28 
substances  examined,  containing  water  of  constitution,  was  cane 
sugar  which  is  not  supposed  to  have  water  of  crystallization.  As 
mentioned  on  a  previous  page,  the  evidence  is  not  very  strong; 
but  there  is  sufficient  similarity  between  the  transmission  spectrum 
of  cane  sugar  and  of  other  sugars  having  water  of  crystallization 
(no  similarity  with  fructose  which  has  no  crystal  water)  to  suggest 
the  presence  of  a  molecule  of  water  of  oystallization. 

It  seems  rather  remarkable  that  out  of  a  sum  total  of  more  than 
60  substances  examined  radiometrically  only  two  (perhaps  only 
one)  were  f otmd  which  did  not  agree  with  the  other  classification 
into  water  of  crystallization  and  water  of  constitution. 

Vn.  NEW    EXPERIMENTAL   DATA 
GROUP  1.  MINERALS  CONTAIHING  WATER  OF  CRYSTALLIZATION 

Under  this  heading  are  described  the  characteristics  of  several 
crystalline  and  amorphous  substances  containing  water.  For,  as 
already  mentioned,  the  radiometric  test  finds  no  distinction 
between  water  of  crystallization,  absorbed  water,  or  water  in  solid 
solution. 

Water,  HjO. — In  order  to  appreciate  fully  the  significance  of  the 
data  to  be  presented  on  minerals,  it  is  necessary  to  describe  the 
characteristics  of  water  when  examined  in  the  liquid  and  in  the 

^^  Clarke  and  Schneider:  Amer.  Jour.  Sci.,  40,  p.  308;  1890. 
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vapor  state.  All  observers"  agree  in  their  location  of  laiige 
absorption  bands  of  water  at  the  approximate  wave  lengths  1.5,  2, 
3i  4-75>  and  6a*  All  have  fotind  that  water  is  extremely  opaque 
to  fhe  deep  infra-red  radiation,  so  that  the  film  had  to  be  reduced 
to  a  few  thousandths  of  a  millimeter  in  thickness  in  order  to  be 
able  to  study  it  at  all. 

In  fact,  of  all  the  substances  examined,  which  includes  all  the 
great  groups  of  chemically  related  compounds,  water  stands 
tmique  in  having  a  spectrmn  of  numerous  narrow  absorption 
bands,  which  can  be  resolved  only  when  the  substance  is  reduced 
to  a  highly  attenuated  vapor.  In  the  liquid  state  these  groups  of 
small  bands  coalesce  into  large  bands  as  indicated  in  figure  i .  It 
is  of  course  well  known  that  a  very  thick  layer  of  water  is  required 
to  produce  absorption  in  the  visible  spectrum."  The  same  is  true 
for  the  infra-red  region  out  to  0.933/i  (the  "/»"  band  in  Fig.  2)  but 
beyond  this  point  the  *'  general  absorption  "  increases  very  rapidly, 
so  that  a  layer  of  water  i  cm  in  thickness  absorbs  all  frequencies 
beyond  1.4/*,  and  a  layer  0.5  mm  in  thickness  causes  complete 
opacity  beyond  2/a.  The  absorption  of  water  for  heat  waves  longer 
than  5/A  is  so  much  greater  than  at  2 a*  that  a  layer  onlyo.i  mm 
in  thickness  causes  complete  opacity  beyond  5/*.  Beyond  8/x  to 
about  50/i  water  is  quite  transparent,  having  no  large  absorption 
bands  which  would  be  useful  in  investigating  the  present  problem. 

The  transmission  curves  of  various  thicknesses  of  water 
(a  =  o.oooi5  mm;  6=0.014  mm;  ^=0.038  mm;  d=o.3i  mm)  are 
given  in  figure  i.  The  cell,  containing  water,  was  made  of  two 
large,  clear  fluorite  plates  separated  by  tinfoil.  The  various  thick- 
nesses were  obtained  by  varying  the  mmiber  of  layers  of  tinfoil. 
For  curve  a,  the  thinnest  obtainable  platinimi,  used  in  making 
bolometers,  was  inserted  between  the  fluorite  plates.  The  thick- 
ness of  the  platinum  was  computed  from  the  electrical  resistance 
and  the  surface  dimensions  of  a  bolometer  strip.  These  curves 
show  the  great  opacity  of  water  at  6/a  as  compared  with  the  region 
of  1.5  and  2/i. 

"Julius:  Verhandl.  Kdnigl.  Akad.  Amsterdam,  Deel  I,  No.  i,  1892.  Paschen: 
Ann.  der  Phys.  (3),  68,  p.  334;  1894.    Aschkinass:  Ann.  der  Phys.  (3),  55,  p.  406;  1905. 

^^Abney  and  Festing:  Phil.  Trans.,  172,  p.  887;  z88a.  Kayser:  Spectroscopie, 
vols,  a  and  5. 
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Angstrdm "  has  shown  that  water  vapor  is  more  transparent  than 
the  hquid  phase,  when  in  such  layers  that  the  thickness  is  inversely 
proportional  to  the  density.  A  famihar  example  is  atmospheric 
water  vapor  which  transmits  the  sun's  radiation  "  to  i  im.  while  a 
layer  of  water  2.85  centimeters  thick,  which  is  equivalent  to  the 
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Fig.  2 

water  vapor  in  the  earth's  atmosphere  (see  Arrhenius  I^hrb.  der 
Kosmischen  Physik,  p.  630)  absorbs  everything  beyond  1.2ft. 
The  complexity  of  the  absorption  bands  at  1.45/*  and  at  2/*,  in 
figure  I,  is  shown  in  the  spectrobolographic  curves  "  made  at  the 

"  Angstrflm:  Aon.  der  Phys.  (3),  89,  p.  367,  1B90;  (4)  <>  p-  163.  1901- 
"  Langley:  Nat.  Acad.  Sci.,  4,  pt.  a,  p.  197.    Diacusnon  in  Cunegie  Publication 
No.  97,  p.  143. 
"  Fowle:  Smithaoniaii  Misc.  Coll.,  vol.  47,  No.  146S1  1904. 
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Astrophy^ical  Observatory.  These  curves  are  reproduced  in 
figure  2.  The  upper  curve,  for  February  19,  1903,  was  made 
when  there  was  but  small  water-vapor  absorption.  The  lower 
curve,  for  September  14,  1903,  was  made  when  the  humidity  was 
high,  and  hence  there  was  great  water-vapor  absorption.  The 
rapid  variation  in  intensity  of  the  absorption  bands  is  analogous 
to  the  observations  in  figure  i.  A  further  illustration  of  the 
complexity  of  the  water  bands  is  given  in  figure  3,  which  relates 
to  the  band  at  6/£  in  figure  i.  Curve  a,  figure  3,  was  obtained  by 
placing  a  Nemst  glower  at  a  distance  of  4.2  meters  from  the 
spectrobolometer  and  projecting  an  image  of  the  glower  upon  the 
spectrometer  slit  by  means  of  a  large  concave  mirror.  The 
spectral  energy  curve  was  then  observed  in  the  usual  manner. 
When  plotted  to  scale  as  shown  in  curve  a,  figure  3,  the  energy 
curve  shows  numerous  indentatioas.  The  dotted  line  represents 
roughly  the  spectral  energy  curve  of  the  glower  if  there  were  no 
absorption  bands.  By  taking  the  ratio  of  the  ordinates  of  the 
continuous  part  of  curve  a,  to  the  dotted  curve,  at  various  wave 
lengths,  curve  h  is  obtained.  The  latter  represents  very  closely 
the  transmission  of  4.2  meters  of  air,  which  contains  a  layer  of 
precipitable  water  equal  to  0.02  mm  in  thickness.  The  water 
content  was  derived  from  the  relative  humidity  (  =  25  per  cent; 
room  temperattue  — 21.7°)  and  the  amotmt  of  water  vapor  per 
cubic  meter.  It  is  to  be  noticed  that  the  6/1  band  which  shovre 
complete  opacity  for  a  similar  layer  of  liquid,  curve  6,  figure  i,  is 
resolved  into  at  least  six  bands  with  maxima  at  5.75,  5.91,  6.05, 
6.15,  6.41,  and  6.56M.  The  short  air  column  used,  4.2  m,  was  not 
sufficient  to  show  the  absorption  bands  of  water  vapor  at  3/1. 

Anhydrite,  CaSO^. — The  substance  examined  was  a  cleavage 
piece,  split  parallel  to  the  c  axis;  thickness  =  0.656  mm. 

The  transmission  curve,  c,  figure  4,  of  this  mineral  shows  small 
absorption  bands  at  3.75,  5.75,  6.15,  and  6.55;*;  a  very  large  band, 
at  4.55M»  is  characteristic  of  sulphates.  This  mineral  was  inves- 
tigated previously,  and  is  included  here  to  illustrate  the  great 
diflFerence  in  the  opacity  of  the  hydrous  and  the  anhydrous  min- 
eral. (See  curves  a  and  c,  in  which  the  samples  have  practically 
the  same  thickness.) 
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Selenitet  CaSO^  +  2H2O. — ^The  sections  examined  were  cleavage 
pieces  split  parallel  to  the  b  axis;  the  thicknesses  being  0=0.648 
mm,  6  « 0.093  mm,  respectively.    Since  2 1  per  cent  of  selenite  is 
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water,  the  thickness  of  the  water  if  free  would  be  48.8  per  cent 
(sp.  gr.of  selenite  is  2.33;  2.33X21 « 48.8)  of  the  thickness  of 
the  specimen,  or  0=0.317  mim  and  6  =  0.046  mm  of  water. 
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Of  all  the  minerals  investigated,  containing  water  of  crystal- 
Uzation,  this  and  ;the  following  one  are  the  most  conspicuous  for 
demonstrating  the  effect  of  water  upon  the  absorption  spectrum 
of  substances.  The  absorption  bands  of  water  at  1.5,*  2.0,  3, 
4.75,  6.0,  and  6.5AA  are  very  conspicuous  in  spite  of  the  anhydrite 
bands  which  confuse  matters  at  6/x.  It  is  to  be  noticed  that  a  layer 
of  water  in  its  free  liquid  state,  ctu-ve  d,  figure  i ,  is  far  more  opaque 
than  an  equivalent  layer,  curve  a,  figure  4,  when  held  in  a  crystal. 
This  is  evident  from  the  fact  that  the  0.31  mm  layer  of  water  is 
entirely  opaque  beyond  2.5;*.  In  fact,  the  transmission  spectrum 
of  selenite  indicates  the  presence  of  water  in  more  nearly  the  vapor 
state,  in  which  it  is  possible  to  resolve  the  large  bands  into  smaller 
ones — see  figure  3.  This  change  in  density  of  water  in  the  process 
of  crystallization  involves  energy  changes  which  may  require 
consideration  in  connection  with  the  question  of  thermal  equilib- 
rium in  dehydration. 

In  previous  investigations"  partially  and  completely  dehy- 
drated, also  rehydrated  samples  of  selenite  were  examined,  to 
which  reference  must  be  made  in  order  to  fully  appreciate  the 
bearing  of  this  data  upon  the  question  of  water  of  crystallization. 

Opal,  SiO^^-xHfi. — Samples  of  opal  and  quartz  have  been 
examined  previously."  Quartz  has  small  absorption  bands  at 
2-9»  4-35>  5-02,  5.3,  6.0,  6.26,  and  6.65/x.  The  band  at  2.9/x  is 
barely  observable  in  a  section  o.i  mm  in  thickness.  Curve  c, 
figure  5,  gives  the  transmission  of  a  section  1.435  ^°i  i^  thickness, 
cut  perpendicular  to  the  optic  axis.  The  maximum  lies  at  2.88/a. 
This  absorption  band  is  so  weak  that  it  can  not  interfere  with  the 
water  band  at  3/x.  The  bands  at  6  and  at  6.26aa  form  a  composite 
with  the  water  band  at  6/i,  of  which  the  maximum  appears  at  6.  i/i. 
The  group  of  atoms  in  quartz  is  very  strong  and  maintains  its 
characteristics,  more  or  less  sharply  defined,  in  the  various  sili- 
cates investigated. 

Opaly  amorphous  quartz,  contains  variable  proportions  (2  to  30 
per  cent)  of  water.  It  shows  no  traces  of  crystallization.  It  is 
considered  a  solid  solution,  for  the  water  contained  is  a  function 
of  the  vapor  pressure. 

*•  This  Bulletin,  2,  p.  457;  1907.    Carnegie  Publication  No.  65. 
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The  transmission  curve  of  opal  has  the  general  outline"  of 
the  curve  for  water  and  contains  the  bands  of  water  at  1.5,  2, 
3,  4.75,  and  6fi.     The  latter  is  complex,  as  mentioned  above. 
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For  the  present  work  the  samples  of  opal  were  not  perfectly 
transparent,  which  caused  a  scattering  of  the  rays  shorter  than 
2.S/A.  In  figure  5,  curve  a  gives  the  transmission  of  a  sample  of 
opal  (from  Queretaro,  Mexico)  0.145  mm  in  thickness,  and  con- 
taining 5.6  per  cent  of  water.     In  transmitted  light  it  showed  a 
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slightly  milky  white  color  which  scatters  the  light  to  2  in.  Curve 
b  gives  the  transmission  of  a  whitish  semitranslucent  sample 
(from  Silesia)  0.08  mm  in  thickness  and  containing  4.6  per  cent 
of  water.  The  equivalent  layer  of  water  for  curve  a  is  t= 0.018 
mm,  and  for  curve  6  it  is  t= 0.0077  'oam..  The  rapid  decrease  in 
the  general  transmission  beyond  4/*  is  due  to  the  great  opacity 
of  quartz  beyond  3ft. 

In  figure  6  is  given,  curve  a,  the  transmission  of  a  semitrans- 
lucent sample  of  opal,  t  =0.105  mm  in  thickness,  originally  con- 
taining 3.6  per  cent  of  water.  The  equivalent  layer  of  water 
(sp.  gr.  of  opal  =  2.1)  is  0.0079  ^^^^«  ^^  was  found  possible  to 
dehydrate  the  specimen  without  seriously  increasing  the  inho- 
mogeneity,  as  illustrated  at  2  to  3/*.  In  order  to  dehydrate  the 
specimen,  it  was  necessary  to  dismount  the  section  from  its  card- 
board support  and  place  it  in  a  porcelain  tube  which  was  then 
heated  with  a  bunsen  flame  or  blast  lamp.  The  specimen  was 
weighed  before  and  after  heating,  and  knowing  the  water  content 
before  heating  it  was  possible  to  compute  from  the  loss  in  weight 
the  water  remaining  after  heating.  For  example:  Starting  with 
the  section  weighing  32.037  mg  the  loss  in  weight  was  0.360  mg. 
The  original  water  content  was  3.6  per  cent,  from  which  it  was 
computed  that  for  curve  6,  figure  6,  the  water  content  was  2.5  per 
cent.  The  weighings  were  made  by  Mr.  W.  C.  Bishop,  whose  long 
experience  in  such  work  insured  both  speed  and  high  accuracy. 
The  weighings  were  made  on  an  assay  balance  taking  a  maximum 
load  of  I  gram.  The  working  sensitivity  was  i  mg  =  10  divisions; 
^,  probable  error  of  a  single  weighing  0.002  to  0.005  mg.     It  was 

\  found  that  the  weighings  became  constant  in  less  than  10  minutes 

after  dehydration.  It  will  be  shown  presently  that  this  specimen 
absorbed  about  0.06  per  cent  of  water  per  day.  Since  the  weigh- 
ings were  completed  and  the  specimen  was  remounted  within  15 
minutes  after  dehydration,  and  since  the  observations  on  the 
absorption  band  at  3ft  were  completed  within  45  minutes  after 
heating  the  specimen,  this  question  of  reabsorption  (so  frequently 
asked  by  all  comers)  needs  no  further  consideration.  Curves 
c,  d,  and  e  were  obtained  in  the  same  manner  as  curve  6.  Each 
time  the  section  was  dismounted  there  was  a  slight  loss  due  to 
breakage,  so  that  after  obtaining  curve  e  the  specimen  was  placed 
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in  a  platinum  receptacle  and  heated  to  a  bright  red  (700^)  for 
one  hour.  It  was  then  mounted  permanently  upon  the  cardboard 
support  and  on  examination  gave  curve  /,  figure  6.  The  small 
band  at  2.9ft  remains;  but  whether  it  is  due  entirely  to  SiO,  or 
whether  it  still  represents  a  trace  of  v^ter  remains  undetermined. 
After  standing  overnight  it  reabsorbed  moisture,  giving  curve  g. 
Two  days  thereafter  the  transmission  had  fallen  to  curve  A.  This 
examination  of  the  reabsorption  of  water  was  continued  for  17 
days  after  dehydration,  the  relative  humidity  of  the  laboratory 
being  determined  daily  by  means  of  an  aspiration  hygrometer. 
The  daily  variation  of  the  absorption  band  at  3^1  is  shown  in 
figure  7-A,  which  represents  curves  /,  9,  .  .  .  w,  figure  6,  on  a 
different  scale.    The  numbers  attached  to  the  various  curves 
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«-^    HUMBEB  OF  DAYS  AFTER  DEHYDRATION 

Fig.  S.—Showmg  tfu  Variation  of  Uim  WaUr  of  Opal  wWi  Variatkm  m  tlu  Atmo^fhtric 

Humid&y 

indicate  the  order  in  which  they  were  observed.  In  figure  7— B 
are  given  several  isochromatic  transmission  curves,  obtained  from 
curves  a,  b,  c,  d,  and  e  of  figure  6.  From  these  curves  it  is  pos- 
sible to  obtain  a  rough  estimate  of  the  water  content  represented 
in  the  curves  2  to  12,  figure  7-A.  The  disappearance  of  the  water 
band  at  6.ifi  is  not  so  nmrked  as  at  3ft,  but  it  is  evident  that  in 
making  allowance  for  variation  in  homegeneity  this  part  of  the 
curves  can  not  be  superposed.  The  bands  at  5.0ft  and  5.3ft  are 
due  entirely  to  silica  and  there  would  be  no  difficulty  in  superposing 
them.  It  will  of  course  be  understood  that  in  the  frequent  re- 
mounting of  this  specimen  it  was  not  possible  to  obtain  the 
transmission  of  exactly  the  same  part  of  the  section  each  time. 

During  the  examination  of  the  rehydration  of  this  sample  of 
opal  there  were  two  cold  periods  when  the  relative  humidity 
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decreased  to  10  per  cent.  It  was  then  found  that  the  opal  became 
dehydrated.  This  is  illustrated  in  figure  8,  which  shows  the  varia- 
tion of  water  in  opal  (as  measured  by  the  variation  in  the  absorp- 
tion) with  variation  of  atmospheric  humidity.  There  is  a  lag  of 
about  half  a  day  in  the  hydration  curve. 

GROUP  2.  MIlfERALS  CONTAINING  WATER  OF  CONSTITUTION 

Under  this  heading  are  collected  the  minerals  which  contain 
water,  but  which  do  not  show  the  characteristic  absorption  bands 
found  in  water  in  its  free  liquid  state. 

Muscovite  Mica,  HJfCAl^(SiO^^. — ^The  transmission  spectra  are 
given  in  figure  9.  Curve  a  was  obtamed  with  a  rock  salt  prism, 
while  curves  b  and  c  were  observed  with  a  fluorite  prism.  The 
thickness  was  0.04  mm.  Ciuve  b  shows  the  transmission  of  the 
specimen  after  dehydration.  The  absorption  bands  are  common 
to  silicates;  and  none  are  in  common  with  those  of  water.  The 
band  of  selective  reflection  beyond  9ft  does  not  seem  to  be  affected 
by  the  constitutional  water,  as  should  be  the  case,  since  it  is  known 
that  these  bands  are  due  to  the  SiO,  radical.  The  other  bands 
disappear  on  dehydration.  The  layer  of  mica  is  too  thin,  and  the 
inhomogeneity  is  too  great  to  show  the  weak  absorption  band  of 
silica  at  2.9/Li.  A  more  complete  list  of  minerals  containing  water 
of  constitution  is  given  in  previous  commimications  *^  on  this 
subject. 

Tremolite,  CaMg  (SiO^^, — ^The  transmission  of  a  section  of  this 
mineral,  0.23  mm  in  thickness,  was  described  in  a  previous 
paper.*'  The  section  was  kindly  prepared  by  Dr.  Allen,  of  the 
Geophysical  Laboratory,  who  found  2  per  cent  of  water,  which 
appears  to  be  present  in  solid  solution.  The  section  of  tremolite 
was  of  sufficient  thickness  to  insure  detecting  the  water,  provided 
its  absorption  is  as  great  as  in  the  liquid  phase.  The  equivalent 
layer  of  water  was  0.0138  mm,  but  no  water  bands  could  be 
detected.  It  is  evident  from  this  and  from  the  transmission  of  a 
layer  of  water  0.014  i^^n  in  thickness  (Fig.  1,6),  that  the  water 
in  tremolite  is  in  an  entirely  different  condition  from  that  which 
obtains  in  the  crj^tals  and  in  the  soUd  solutions  previously  inves- 

"  This  Bulletin,  2,  p.  457;  1907.    Carnegie  Publication  No.  65. 
"  Physical  Review,  80,  p.  326;  1910. 
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tigated  by  this  method  of  analysis.  Thinking  that  further  infor- 
mation would  be  disclosed,  the  investigation  of  this  interest- 
ing mineral  was  undertaken  anew,  using  samples  of  the  same 
specimen  previously  examined. 
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Fig.  ^.^Muscw^  Mka,  HJCAl^^SiO^j^ 


In  the  earlier  work^*  it  was  found  that  a  sample  of  amphibole 
(probably  hornblende)  showed  no  traces  of  water,  the  small 
absorption  band  at  2.9/i  being  similar  to  that  found  in  feldspars. 


^^  Carnegie  Publication  No.  65,  p.  64. 
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The  sample  of  tremolite  used  in  the  present  examination  was 
0.095  ™™  ^  thickness.  The  small  absorption  bands  at  2.9  and 
6.2|4  are,  therefore,  not  so  sharp  as  found  in  the  0.23  mm  sample 
previously  examined.  On  the  assumption  that  2  per  cent  of 
water  was  present,  the  equivalent  layer  of  water  (sp.  gr.  of  tremo- 
lite is  3)  is  0.0057  13^^^  ^  thickness. 

The  transmission  of  this  sample  before  dehydration  is  given  in 
curve  a,  figure  10.  Curve  h  represents  the  transmission  after 
heating  the  specimen  for  half  an  hour  at  200^  in  an  atmosphere 
of  dry  hydrogen.  The  curve  is  superposable  upon  curve  a.  Curve 
c  gives  the  transmission  after  heating  the  specimen  in  an  electric- 
ally heated  porcelain  tube  furnace  at  500®  for  five  hours.  In  this 
case  the  absorption  band  at  2.9/1  is  practically  destroyed.  Curve 
d  gives  the  transmission  after  heating  the  specimen  in  the  electric 
ftimace  at  925**  for  five  hours.  The  absorption  is  identical  with 
that  of  curve  c,  showing  that  most  of  the  chemical  change  was 
brought  about  at  500**.  In  the  dehydration  the  specimen  became 
slightly  inhomogeneous,  which  caused  a  scattering  of  the  radia- 
tion to  3|A.  The  band  at  2.9ft  has  entirely  disappeared,  showing 
that  it  belonged  to  the  compound  that  existed  before  dehydra- 
tion. The  bands  at  5  and  6ft  have  undergone  no  change.  They 
belong  to  anhydrous  silicates ;  and  the  general  outline  of  the  trans- 
mission curve  is  not  unlike  that  of  the  feldspars.*' 

In  figure  10  are  also  given  the  transmission  curves  of  brucite, 
MgCOH),,  and  of  diaspore,  AIO(OH).  The  brucite  curve  shows  a 
complex  region  of  absorption  bands  at  2.5,  2.75,  and  3.0ft.  The 
3ft  band  is  found  in  substances  having  OH  groups.  In  diaspore 
the  absorption  is  very  complex  and  the  individual  bands,  which 
no  doubt  exist,  are  not  resolved.  Bauxite,  AlaOCOH)^  and 
gothite,  FeO(OH),  also  have  wide  bands  at  3ft. 

The  chemical  composition  of  amphiboles,  of  which  tremolite  is  a 
species,  does  not  appear  to  be  definitely  known,  some  ^  arriving 
at  the  conclusion  that  the  water  is  present  as  "dissolved  water," 
while  others**  considered  the  water  to  be  present  as  hydroxyl 

**  Carnegie  Publication  No.  65,  p.  64. 

^  Allen  and  Clement:  Amer.  Jour.  Sd.,  26,  p.  loi;  1908. 

'*  Penfield  and  Stanley:  Amer.  Jour.  Sd.,  28,  p.  93;  1907. 
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groups  combined  with  AljO,  and  FejO,.  From  the  present  data 
it  is  evident  that  the  water  in  tremolite  is  not  present  in  the 
same  condition  as  in  other  substances  containing  water  in  solid 
solution  or  dissolved  water.  Attention  has  already  been  called 
to  the  fact  that  in  selenite  the  density  of  water  is  much  less  than 
in  the  free  state,  so  that  a  layer  of  water  equivalent  to  0.31  mm 
transmits  radiation  to  6/i,  while  a  film  of  water  0.31  mm  in  thick- 
ness is  completely  opaque  beyond  2.5/1.  The  "  density  "  of  water 
in  opal  is  far  less  tha^  in  selenite,  but  its  opacity  is  of  the  same 
order  of  magnitude.  Again,  if  we  consider  opal,  having  3  per 
cent  of  water  (sp.  gr.  =  2) ,  we  find  that  6  per  cent  of  the  thick- 
ness of  the  section  is  water  and  the  absorption  bands  of  water  are 
very  prominent,  while  in  tremolite  (sp.  gr.  3) ,  in  which  the  thick- 
ness of  the  water  layer  is  also  6  per  cent,  the  absorption  bands  of 
water  are  entirely  lacking. 

From  the  present  data  it  appears  that  in  tremolite  the  water  is 
constitutional,  with  OH  groups,  the  small  band  at  2.95^4  being 
complex,  as  in  the  other  hydroxides  just  cited.  This  is,  of  course, 
contrary  to  the  vapor  pressure  experiments;  but  it  is  the  most 
satisfactory  conclusion  to  be  drawn  from  the  present  experiments. 

GROUP  3.— MISCELLAKEOUS  SUBSTANCES 

Under  this  heading  are  described  the  absorption  or  reflection 
spectra  of  several  substances  having  no  direct  bearing  on  the 
present  problem.  They  are,  of  course,  only  supplementary  to 
previous  work  to  which  reference  must  be  made  in  order  to  gain 
an  intelligent  understanding  of  their  spectral  characteristics. 

Gelatin. — This  substance  belongs  to  the  albtunens,  of  which  the 
chemical  constitution  is  unknown.  They  contain  C,  H,  O,  N, 
and  S.  The  present  examination  was  made  to  determine  the 
variation  in  intensity  of  the  water  bands  with  variation  in  the 
water  content.  The  sample  examined  was  a  sheet  of  commercial 
material  0.025  mm  in  thickness,  and  it  was  perfectly  clear.  Curve 
a,  figure  11,  gives  the  transmission  curve  before  dehydration,  and 
ciuve  b  gives  the  transmission  after  partial  dehydration,  the  film 
being  tinged  a  faint  light  brown.  The  peculiarity  of  these  curves 
is  the  absence  of  absorption  bands  at  1.5  and  2/4.    The  general 
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appearance  of  the  transmission  curve  is  entirely  unlike  that  of 
water,  and  of  substances  containing  water.  The  absorption  bands 
are  sharp  and  narrow,  as  usually  found  in  carbohydrates.  In  fact, 
the  whole  curve  appears  as  though  the  water  were  present  as 
"water  of  constitution,"  the  sharp  band  at  3^1  being  due  to  OH 
groups.  The  3.4  and  6.8  and  7.3/4  bands  are  characteristic  of 
substances  rich  in  CH,  and  CH,  groups.     The  very  sharply 
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Fig.  ll,^Gekam  {Curve  b  After  Dehydration) 


tO/i 


bounded  region  of  great  opacity  at  6  to  8/1  is  characteristic  of  car- 
bohydrates containing  NO,  groups.  There  are  absorption  bands 
at  2.4,  3.0,  3.43,  4.0,  4.6,  4.9,  5.15,  5.5,  6.0,  6.8,  7.3,  and  S.ifi. 

Oleic  acid^  CijH^COOH. — ^This  substance  was  examined  to 
obtain  a  check  on  previous  work  done  with  a  rock-salt  prism  and 
to  arrive  at  an  explanation  of  the  peculiar  absorption  bands 
found  in  olive  oil  and  in  linseed  oil.     In  all  cases  the  film  of  oil  or 
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acid  was  contained  between  clear  fluorite  plates,  separated  by  a 
ring  of  tinfoil  0.007  mm  in  thickness,  curve  c,  figure  12. 

The  parafiSn  oils  have  a  series  of  harmonic  bands  at  1.71,  3.43, 
6.86,  (7.35),  and  14/1.  In  the  fatty  acids  the  region  of  3.5/«  and 
7/i  is  complex  and  a  large  absorption  band  is  found  at  5.8  to  5.9/^. 


Fig.  12.— Ofikw  OU  (a);  Unsud  Oil  {b) ;  Okk  Acid  (c) .    Thkkness^.007  mm 


The  latter  band  was  sometimes  found  in  some  of  the  heavier 
parafi^  oils  when  the  absorption  cell  was  exposed  to  oxidation.** 
In  previous  investigations  the  intense  band  at  5.81*  was  found 
in  all  substances  containing  the  C  «  O  group,  as  in  COOH.  It  was 
also  found  that  in  passing  from  a  saturated  fatty  acid  (stearic 

**See  Figs.  64,  73,  and  73,  Publication  No.  35,  Carnegie  Institution  of  Washing- 
ton, 1905. 
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add,  CijHjjCOOH)  to  an  tmsattirated  fatty  acid  (oleic  add, 
C„H„COOH)  there  is  no  marked  change  in  the  absorption  spec- 
trum. The  most  noticeable  feature,  as  the  number  of  CH,  and  CH, 
groups  increases,  is  the  disappearance  of  small  bands  at  3.8  and 
7.08^1  and  an  increase  in  sharpness  of  the  3.43,  6.86,  7.35,  and 
8.65/bi  bands  which  are  characteristic  of  the  paraffin  oils.  In  other 
words,  as  the  ratio  of  the  total  number  of  CH,  and  CH,  groups  to 
the  COOH  groups  increases  (c.  f.  acetic  add,  CH,COOH,  and 
stearic  add,  CnHjsCOOH)  the  characteristic  absorption  bands  of 
the  CH,  and  CH,  groups  become  more  prominent  with  the  dis- 
appearance of  the  bands  characteristic  of  the  COOH  groups.  The 
work  is  also  instructive  in  showing  that  not  tmtil  we  can  use  a  very 
much  larger  dispersion  than  is  now  employed  can  we  expect  to 
obtain  much  information  from  the  study  of  complex  absorption 
bands,  such  as  are  found  in  the  fatty  adds.  As  indicated  else- 
where,** a  detailed  study  of  individual  groups  of  compounds  is 
highly  desirable,  now  that  a  preliminary  survey  of  the  various 
groups  of  compounds  has  been  made.  It  seems  quite  probable 
that  by  using  a  very  much  larger  dispersion  than  has  been  employed 
heretofore,  some  of  the  older  data  will  not  be  verified,  but  will  be 
found  to  be  mere  hints  to  much  more  useful  information.  It  is  to 
be  noticed  that  the  fluorite  prisin  resolves  the  band  at  3.43  and 
3.8^1,  which  was  not  possible  in  the  previous  investigation  with  the 
rock-salt  prism.  The  maxima  of  the  absorption  bands  of  oldc  add 
occiu-  at  3.43,  3.8,  5.86,  6.1,  6.86,  7.08,  7.75,  and  8.15/1.  The 
sample  examined  was  a  highly  purified  one  from  Merck. 

Olive  oil, — ^The  transmission  curve  of  this  substance  is  shown  in 
curve  a,  figure  12;  (thickness  of  film  =0.007  nim).  The  curve  is 
conspicuous  for  the  sharpness  of  the  absorption  bands  at  3.43  and 
5.7/A.  This  oil  is  a  mixture  of  various  fatty  adds.  The  3.8  and 
7.08/A  bands  are  absent.  There  are  absorption  bands  at  2.7,  3.43, 
5.7,  6.1,  6.86,  7.35,  7.75,  8.15,  and  8.65/*.  The  5.7M  (shifts  to  5.9 
in  some  compounds)  is  characteristic  of  substances  containing 
CO  groups. 

Linseed  oil, — This  oil  consists  entirelv  of  unsaturated  adds, 
including  oleic  acid  (one  double  bond)  and  linolenic  add, 
CjjHjoCOOH  (three  double  bonds).  The  absorption  band  at  5.71*, 
curve  6,  figure  12,  is  shifted  from  that  of  the  preceding  (more 
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saturated)  oil,  being  at  5.75/*,  while  in  the  pure  unsaturated  acid, 
oleic  acid,  the  band  occurs  at  5.85/i.  No  explanation  is  at  hand 
for  the  occurrence  of  the  band  at  8.65/Li,  which  is  found  in  the 
paraffin  oils  but  does  not  occur  in  any  of  the  fatty  adds.  The 
sample  examined  was  a  standard  test  sample,  free  from  adul- 
terants. The  maxima  of  the  prominent  absorption  bands  occur 
at  3-43i  5-75i  6.1,  6.86,  7.35,  7.75,  8.15,  and  8.65A*. 

Chitin. — ^This  is  a  complex  nitrogenous  substance  the  chemical 
structure  of  which  is  unknown.  The  samples  examined  were  the 
outer,  homy,  amorphous  integtunent  covering  various  species  of 
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Fig.  IS.—Chitm  {tht  Chitinous  Layer  of  Firtflks) 

fireflies,  the  color  varjdng  from  white  (covering  of  the  luminous 
organs)  to  a  deep  brown.  The  examination  was  made  in  connec- 
tion with  the  question  »  whether  or  not  an  appreciable  amount  of 
energy,  of  wave  lengths  greater  than  2  to  2.51*  could  be  transmitted 
(radiated)  through  the  body  of  the  insect,  assuming  that  such 
energy  is  generated  in  the  photogenic  cells.  In  figure  13,  curve  a 
gives  the  transmission  through  one  of  the  homy  abdominal  seg- 
ments of  a  dried  specimen  of  the  '  *  Cuban  firefly, ' '  P3rrophorus 
noctilucus.  This  integiunent  is  dark  brown  (in  reflected  light) 
which  causes  a  heavy  absorption  through  the  visible  spectrum  to 
the  red,  at  which  point  the  transmission  rapidly  increases.     In 

^  Ives  and  Coblentz:  This  Bulletin,  6,  p.  321;  1909.    Coblentz:  Electrical  World, 
56,  p.  ZOX3;  X910. 
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this  firefly,  it  may  be  recalled,  the  abdominal  light  is  emitted 
through  a  slit  between  two  of  the  segments  of  which  the  above  is 
a  sample.  The  size  of  the  specimen  examined  was  about  1.5  by 
7  mm.  In  this  same  illustration,  figure  13,  curve  h  gives  the  trans- 
mission through  one  of  the  eyelike  fenestrate  membranes  on  the 
thorax  of  the  * '  Cuban  firefly,  * '  and  through  which  is  emitted  the 
so-called  *  *  thoracic  light. ' '  The  specimen  was  only  i  .5  by  2  mm 
and  hence  very  difficult  to  examine.  After  removing  all  the 
photogenic  cell  ligaments  which  adhered  to  it  this  specimen  was 
fairly  translucent.  In  the  region  from  i  to  2/1  the  transmissivity 
is  probably  higher  than  observed,  the  low  values  being  due  to 
scattering  of  the  radiation  in  passing  through  the  specimen. 

Curve  c,  figure  13,  gives  the  transmission  through  the  outer 
int^;ument  covering  the  photogenic  cells  of  Photinus  pjrralis. 
The  specimen  examined  was  a  single  dried  abdominal  segment, 
1.5  by  4  mm,  which  had  been  moistened  in  water  and  freed  from 
all  ligaments  and  photogenic  material.  The  specimen  was  not 
very  smooth  and  it  was  only  semitranslucent.  No  doubt  a  better 
sample  could  have  been  prepared  by  dissecting  a  fresh  undried 
insect.  In  both  curves  h  and  c  the  opacity  at  ifi  to  2^1  and  at  5^ 
is  greatly  increased  by  scattering  of  the  transmitted  radiation 
which  did  not  reach  the  bolometer.  However,  as  was  anticipated 
in  a  previous  commimication,  these  curves  have  the  character- 
istic  absorption  spectrum  of  complex  carbohydrates,  in  which 
there  is  great  (and  usually  complete)  opacity  from  2.8m  to  3.8;^ 
and  beyond  6fi,  with  a  fairly  transparent  region  at  4.5  u  to  5/1. 

It  may  be  noticed  that  these  specimens  were  dry.  If  they  had 
been  fresh  then  the  water  would  have  absorbed  most  of  the  radia- 
tion at  4  to  5/A. 

The  data  show  that  but  little  radiant  energy  (if  generated  in 
the  photogenic  cells)  of  wave-lengths  greater  than  2.5^1  will  get 
out  of  the  insect's  body.  That  which  does  get  out,  at  4  to  5^*, 
will  be  so  weak  in  intensity  that  it  will  hardly  be  distinguishable 
from  the  emission  spectrum  of  the  "animal  heat"  which  has  its 
maximtun  emission  in  the  region  of  7fi. 

Sylvite,  KCL — ^The  fact  that  sylvite  has  absorption  bands  in 
the  region  of  3/1  and  7/1  was  mentioned  by  Rubens  '*  but  no  further 

^^  Rubens:  Aim.  der  Fhys.,  58,  p.  267;  1894. 
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reference  being  made  thereto  by  other  writers  the  question  arose  *• 
whether  this  is  a  common  property  of  this  mineral  or  whether  the 
bands  described  by  Rubens  were  due  to  impurities.    The  present 
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Fig.  14. — SyluHt,  KCl.    Quarti,  SiO^  Crystallme  b  and  Amorphous  c 

examination  was  undertaken  as  a  result  of  inquiries  sent  to  this 
bureau  as  to  the  suitability  of  sylvite  for  radiometer  '•  windows, 
and  as  to  its  freedom  from  absorption  bands. 

"  Kayser:  Spectiosoopie,  vol.  3,  p.  387. 

^  It  seems  desirable  to  employ  the  term  "radiometer"  instead  of  the  more  clumsy 
expressioii  "radiationmeter"  when  the  general  instrument  is  mentioned,  using  the 
term  "bolometer,"  "thermopile,"  "radiomiciometer,"  "radiobalance,"  "Nichols 
radiometer, "  etc.,  when  the  reference  is  to  the  specific  instrument. 
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The  transmission  of  sylvite  curve  a,  figure  14  (thickness  =  4  mm) 
shows  two  very  sharp  absorption  bands,  at  3.18A&  and  7.08 a&, 
respectively,  and  a  smaller  depression  at  6.2/*.  An  interesting 
point  in  connection  with  these  absorption  bands  is  their  ass3rm- 
metry,  indicating  that  they  are  double,  just  as  was  found  true 
of  the  bands  of  residual  rays  '^  at  62  to  70.31*. 

The  thickness  of  the  plate  of  sylvite  was  4  mm.  A  very  much 
thicker  plate  should  be  used  to  investigate  the  assymmetry  at  3.6A& 
and  7.3AA- 

Quartz,  SiO^. — The  reflecting  power  of  a  plate  of  oystalline 
quartz  is  given  in  curve  b,  figure  14.  It  was  observed  several 
years  ago  with  a  nxJc-salt  prism,  but  never  published  because  of 
the  doubt  as  to  the  accuracy  of  the  indications  of  the  appearance 
of  a  double  band  at  8.3^  and  8.5^,  and  the  assjrmmetry  at  g/iand 
9.2fi.  Recent  investigations'*  using  a  very  much  larger  disper- 
sion shows  that  these  bands  are  complex. 

Quartz  glass. — ^The  present  sample  of  quartz  glass  was  examined 
several  years  ago  and  described  in  Carnegie  Publication  No.  97, 
page  22.  The  examination  was  made  entirely  separate  from  all  the 
rest  of  that  work,  using  a  special  adjustment  of  apparatus,  which 
may  account  for  the  inconsistent  results  obtained,  which  showed 
an  entirely  different  spectrum  from  that  of  crystalline  quartz. 
There  being  no  good  reason  why  crystalline  and  amorphous  quartz 
should  give  entirely  different  spectra  at  7.8^1  the  work  was  repeated 
on  the  same  sample  previously  examined,  using  a  vacuum  bolom- 
eter which  was  far  steadier  than  the  old-style  instrument  pre- 
viously employed. 

In  the  present  examination  the  rear  surface  of  the  quartz- 
glass  plate  was  painted  black  to  avoid  stray  light.  The  results 
are  shown  in  curve  c,  figure   14.     The  first  maximum  at  8.3^1 

^  Rubens  and  Hollnagel:  Sitzber.  Akad.  Wias.  Berlin,  p.  96:  1910.  HoUnagel. 
Inaug.  Dissertation,  Berlin,  1910. 

''Trowbridge  and  Wood:  Phil.  Mag.,  20,  p.  898;  19x0.  Reinkober,  Ann.  der 
Phys.,84,  p.  343;  191  !• 
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reflects  31  per  cent,  while  the  second  maximum,  at  8.95^1, 
reflects  68  per  cent.  The  band  previously  found  at  7.8^1  is 
entirely  lacking,  and  the  reflecting  power  throughout  this  whole 
region  is  too  small  to  be  measured,  whereas  in  the  previous 
examination  the  reflecting  power  was  high,  about  5  per  cent. 
Up  to  the  present  time  no  explanation  can  be  offered  for 
the  presence  of  the  spurious  band  previously  observed  at 
7.8f(.  The  other  reflection  bands  are  practically  the  same  as 
previously  observed,  and  the  whole  spectrum  appears  much 
simpler  than  that  of  crystalline  quartz.  In  the  work  recently 
described  by  Reinkober"  the  positions  and  the  intensities  of  the 
maxima  of  quartz  glass  are  almost  identical  with  the  present 
residts. 

Vm.  LIGHT  FILTERS  WHICH  ABSORB  ALL  THE  INFRA-RED 

There  are  numerotis  problems  in  which  it  is  desirable  to  separate 
the  infra-red  from  the  visible  spectrum  without  employing  a 
prism.  The  use  of  absorption  screens  is  the  most  natural  pro- 
cedure, provided  suitable  material  can  be  found.  Water  is  the 
most  opaque  substance  known,  a  layer  i  cm  in  thickness  absorbing 
all  wave  lengths  greater  than  1.4/A.  Substances  which  are  per- 
fectly transparent  in  the  visible  spectrum,  and  which  have  large 
absorption  bands  just  beyond  the  visible,  between  0.8  and  1.5/i, 
are  unknown.  The  nearest  approach  to  the  fulfillment  of  such 
a  condition  is  the  mineral  beryl**  which  in  polarized  light  (the 
ordinary  ray)  has  a  large  absorption  extending  from  o.yfi  to  i/* 
with  a  maximum  at  o.86f(. 

Numerous  searches  have  been  made  to  find  a  substance  which 
in  solution  with  water  absorbs  all  the  radiation  l3dng  between 
0.7/A  and  i.4f(.  The  old  idea  that  a  solution  of  potassium  alum 
absorbs  more  of  the  infra-red  than  pure  water  has  been  repeatedly 

*  Koenigsbesger:  Ann.  der  Phys.,  61,  p.  687;  X897. 
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proven  erroneous.  Of  late,  experimenters  *•  have  been  using 
solutions  of  ammonium-iron  alum  [(NHJjFejCSOJ^]  claiming 
that  it  was  more  opaque  than  pure  water.  This  is  due  to  the 
fact  that  the  solution  is  not  entirely  colorless.  This  is  illustrated 
in  figure  15,  curve  a,  which  gives  the  transmission  of  a  saturated 
(at  25®)  solution  of  this  substance.  The  transparency  gradually 
increases,  so  that  at  i.2f(  the  absorption  is  but  little  greater  than 
same  thickness  of  pure  water.  It  is  therefore  evident  that  in 
experiments  where  an  attempt  is  made  to  eliminate  the  infra-red 
from  the  visible  radiation,  e.  g.,  in  incandescent  lamps,  it  is 
brought  about  with  a  great  loss  of  light  with  but  little  gain  in 
the  attempt  to  eliminate  the  infra-red. 

In  measuring  the  luminous  efficiencies  of  light  sotuces  P^*^ 
and  others  have  separated  the  visible  from  the  total  radiation  by 
means  of  solutions  of  copper  salts,  e.  g.,  copper  acetate  of  such 
concentration  that  the  minimimi  of  the  absorption  band  was  at 
o.54/:i.  The  transmission  curves  of  these  salts  coincide  closely 
with  the  sensibility  curve  of  the  eye. 

An  efficient  screen,  either  colored  glasses  or  solutions  of  salts, 
permits  the  use  of  a  surface  bolometer,  which  is  much  better 
adapted  than  the  linear  bolometer  for  measuring  radiation  which 
is  of  low  intensity.  For  example,  the  mercury  arc  consists  of 
strong  lines  in  the  green  and  the  blue  and  a  series  of  strong  emis- 
sion bands  in  the  region  of  0.9  to  1.31*.  The  water  cell  will  not 
absorb  this  infra-red  radiation,  but,  as  will  be  shown  presently,  a 
weak  solution  of  copper  chloride  will  absorb  it  without  serious  loss 
of  energy  in  the  visible  spectrum.  Hence,  the  employment  of  a 
surface  bolometer  and  an  absorption  cell  of  copper  chloride,  even 
if  it  does  absorb  some  of  the  visible,  will  be  far  more  efficient  than 
the  use  of  a  linear  bolometer.  The  latter  requires  a  spectrometer, 
through  the  slit  of  which  it  is  possible  to  pass  only  a  small  part  of 
the  light  which  can  be  used  on  a  large  surface  bolometer. 

It  was  therefore  of  interest  to  examine  a  series  of  solutions, 
which  seemed  promising  as  absorption  screens,  to  determine  the 

"^  Lux:  Zs.  fiir  Beleuchttmgswesen,  Heft.,  16,  p.  36;  1907.  Russner:  Phys.  Zs., 
8,  p.  120;  1907. 

'*  F6iy:  Bull.  Soc.  Franc,  de  Physique,  p.  148;  1908.  Bull.  Soc.  Intemat.  des 
Electriciens,  9,  p.  655;  1909. 
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least  concentration  which  would  absorb  all  the  infra-red  radiation, 
and  at  the  same  time  absorb  but  little  in  the  green  and  the  blue. 

The  transmission  curves  of  a  series  of  colored  glasses  were 
described  elsewhere." 

For  the  present  experiments  a  Nemst  glower  was  used  as  a 
source  of  radiation.  It  was  placed  at  a  distance  of  about  10  cm 
from  the  spectrometer  slit  in  front  of  which  stood  the  glass  absorp- 
tion cell.  This  great  distance  re- 
duces the  radiation  considerably,  so 
that  no  high  accuracy  can  be 
claimed  for  the  measurements  in 
the  violet.  Furthermore,  the  visi- 
ble spectnmi  is  too  narrow  (a  fluo- 
rite  prism  was  used),  so  that  for 
quantitative  work  of  the  highest 
precision  the  absorption  in  the  visi" 
ble  will  have  to  be  determined 
anew,  using  a  larger  dispersion. 
For  this  region  of  the  spectrmn  the 
spectrophotometer  would  be  better 
than  the  linear  bolometer.  The 
glass  absorption  cell  was  2.1  cm  in 
thickness,  the  glass  walls  being  2  mm 
in  thickness.  The  saturated  solu- 
tions mentioned  in  this  paper  were 
made  at  25®  C. 

Manganous  stdphaie,  MnSO^. — 
The  transmission  curve  (  .   .  .  )  of 

a  saturated  solution  of  manganous  sulphate  is  given  in  figure  15. 
Beyond  g.S/a  the  transmission  coincides  with  that,  of  the  same 
thickness  of  pure  water.  Potassium  dichromate.  K^C^O^^  absorbs 
the  violet  and  is  transparent  in  the  infra-red. 

Ammonium-iron  alum,  {NH^)JFe2{S0^j. — In  figure  15,  curve  a 
gives  the  transmission  of  a  saturated  solution  (slightly  acid) ,  and 
curve  6  gives  the  transmission  of  a  highly  concentrated  solution  of 
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Fig.  15. — IVaitr;  Manganous  Su^hate; 
Nkkgl  Chhrick;  Ammonium-Iron  Alum 


'^  Publication  No.  97,  Carnegie  Institution  of  Washington;  1908. 
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ammonium-iron  altmi.  There  is  a  large  absorption  band  at  0.85^. 
Beyond  i/a  the  transmission  of  the  concentrated  solution  is  as  high 
as  that  of  the  same  thickness  of  pure  water.  The  transmission 
curve  of  ammonimn-iron  alum  published  by  Nichols  ••  does  not 
show  the  band  at  0.85/i. 

Nickel  chloride,  NiCl^, — ^The  saturated  solution  transmitted  but 
little  radiation.     The  solution  was  therefore  diluted  to  three  times 

its  volume.  The  transmission  of  the 
latter  solution  is  given  in  curve  c, 
figure  15.  The  transmission  is  less 
than  50  per  cent  in  the  green,  while 
at  0.85/A  there  is  an  appreciable 
transmission  amounting  to  13  per 
cent  at  the  maximum. 

Nickel  nitrate  was  also  examined, 
and  a  similar  (high)  transmission 
band  was  found  at  0.85A&.  It  there- 
fore appears  that  these  nickel  salts 
are  not  suitable  for  absorption  screens. 
Copper  sulphate,  CuSO^+sH/).— 
The  transmission  curve  (...)  of  a 
saturated  solution  of  copper  sulphate 
is  given  in  curve  d,  figure  16.  There 
is  complete  opacity  beyond  o.6fi. 

The  transmission  is  high  in  the 
blue,  so  that  this  substance  is  suit- 
able for  eliminating  all  but  the  blue 
Ught. 

Copper  potassium  chloride,  CtiCli'2KCl+2HjD, — ^The  transmis- 
sion of  a  2.5  per  cent  solution  of  copper  potassium  chloride 
is  given  in  ctirve  /,  figure  16.  Its  transmission  is  not  much 
greater  than  cupric  chloride  in  the  visible  while  at  i.i/i  it  trans- 
mits 1.2  per  cent  against  0.67  per  cent  for  the  same  concentration 
of  cupric  chloride.    See  figure  17. 

Copper  acetate,  Cn{CfH/)^2' — ^The  transmission  of  a  5  per  cent 
(2  g  in  38  cc  H3O,  3  drops  acetic  acid)  solution  of  copper  acetate 


\Aft 


Fig.  16. — Copper;  Ac€iat»  {a,  b,  c), 
Su(phat0  {d),  and  Potassmm  Chlo- 
ride (J) 


**  E.  F.  Nichols:  Phys.  Rev.,  1,  p.  i;  1896.    See  also  Carnegie  Publication  No.  97, 
p.  50;  1908. 
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is  given  in  curve  a,  figure  16.  Curve  6  gives  the^ansmission  of 
a  2.5  per  cent  solution  and  curve  c  gives  the  transmission  of  a  i 
per  cent  solution  of  copper  acetate.  The  latter  transmits  too 
much  infra-red  radiation  (about  7  per  cent  at  i  .05^)  to  be  of  great 
use  as  an  absorption  screen. 

Cupric  chloride  y  CUCI2  +  2H2O. — ^The  most  suitable  screen  for 
absorbing  the  infra-red,  and  at  the  same  time  having  a  high  trans- 
mission in  the  yellowish  green  and  in  the  blue  is  cupric  chloride. 
This  is  illustrated  in  the  various  etudes  given  in  figure  17.  Ciuve 
I  gives  the  transmission  of  a  10  per  cent  solution  (2  gr.  CuCl,  + 
18  cc  H,0  +  2  drops  of  20  per  cent  HCl)  of  cupric  chloride.  Ctu^e  2 
gives  the  transmission  of  a  10  per  cent  solution  containing  0.5  cc  of 
20  per  cent  HCl.  This  shows  that  the  addition  of  acid  has  no  effect 
on  the  infra-red,  and  but  little  eflfect  in  the  visible.  Ciirve  3  gives 
the  transmission  of  a  5  per  cent  solution;  ciuve  4  a  2.5  per  cent 
solution,  and  curve  5  a  i  per  cent  solution.  The  latter  transmits 
a  very  considerable  amount  of  infra-red  radiation,  hence  unsuit- 
able as  a  screen.  The  2.5  per  cent  solution,  cufve  4,  transmits 
0.0067  at  1. 1  A*  (in  the  dotted  curve  4  at  i.ifi  the  ordinates  are 
multiplied  by  20)  which  is  negligible.  A  further  examination 
was  made  of  a  very  accurately  prepared  2  per  cent  solution.  It 
transmitted  88  per  cent  at  0.54M,  67  per  cent  at  0.589^,  20  per 
cent  at  0.646/i,  and  0.69  per  cent  at  i.i/*.  It  may  therefore  be 
assumed  that  a  2-cm  layer  of  a  2  per  cent  solution  (2  g  CuCl, 
in  98  cc  H,0)  of  cupric  chloride  absorbs  all  the  infra-red  beyond 
0.67/A  and  transmits  from  80  to  85  per  cent  at  o.^fi  and  about 
70  per  cent  at  0.58^1,  which  is  in  the  region  of  the  yellow  mercury 
line. 

In  separating  the  yellow  from  the  green  or  blue  lines  it  is,  of 
course,  necessary  to  combine  the  absorption  cell  of  cupric  chloride 
with  a  monochromatic  red,  green,  or  blue  (for  the  blue,  the  cop- 
per sulphate  solution  may  be  sufficient)  glass.  This,  of  course, 
reduces  the  intensity  still  further,  but  it  will  hardly  fall  below 
50  per  cent  of  its  original  value.  When  we  consider  that  the 
sensitivity  of  a  bolometer  is  closely  proportional  to  the  square 
root  of  the  surface  and  that  a  linear  bolometer  is  never  larger 
than  I  by  15  mm  (usually  0.5X10  mm),  while  a  stuface  bolo- 
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Fig.  17, -^Cupric  Chbridt,  Cua2'\'2H20 
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meter  is  at  least  40X50  mm,  the  advantage  of  the  latter  com- 
bined with  an  absorption  cell  is  apparent.  Take,  for  example, 
the  determination  of  the  mechanical  equivalent  of  light,  in  con- 
nection with  which  the  present  question  of  absorption  screens 
was  undertaken.  The  determination  of  the  mechanical  equiva- 
lent of  light  requires  an  accurate  measurement  of  the  candle- 
power  of  the  light  used  and  its  value  in  energy  units.  The 
determination  of  the  candlepower  is  an  easy  matter.  The  deter- 
mination of  the  energy  equivalent  is  beset  with  such  diffictilties 
that  measurements  made  with  the  best  instruments  (absolute 
bolometers  and  calorimeters)  for  measuring  radiation  in  abso- 
lute tmits  differ  by  5  to  10  per  cent.  Until  some  of  these  radio- 
metric difficulties  have  been  overcome  it  is,  of  course,  futile  to 
discuss  the  various  proposals  of  a  tmit  of  light  based  upon  its 
energy  eqtiivalent  in  absolute  measure. 

IZ.   SPECTRAL   LINES   SUITABLE  FOR  INFRA-RED  REFER- 
ENCE   STANDARDS 

If  the  optid^  constants  of  the  material  used  are  unknown  it  is 
usually  more  convenient  to  caUbrate  a  prism  (or  a  wire  grating) 
by  picking  out  sharply  defined  emission  or  absorption  bands, 
such  as  those  noticed  in  sylvite  on  a  previous  page.  The  accu- 
racy attainable  in  determining  the  position  of  the  maximum  of  such 
a  reference  standard  is  of  the  order  of  0.02/i,  depending  upon  the 
experience  of  the  observer. 

It  is  beyond  the  scope  of  the  present  note  to  discuss  the  various 
instruments,  and  the  most  stiitable  prisms  and  standard  lines  to 
be  used  in  spectroradiometry,  that  part  being  left  for  some  future 
time.  Reference  standards  must  be  easily  obtainable,  otherwise 
it  is  quicker  to  compute  the  calibration  curve  from  the  refractive 
indices  and  the  angle  of  the  prism.  In  his  experiments  on  resid- 
ual rays,  lying  between  8/*  and  6om,  the  writer  calibrated  •*  his 
wire  gratings  by  means  of  the  residual  rays  reflected  from  quartz 
fluorite,  mica,  and  rock  salt. 

As  a  fiducial  line  the  writer  uses  the  yellow  helium  line,  X= 
0.5876^1,  as  obtained  in  an  ordinary  vacutun  tube,  and  any  other 

'^  Carnegie  Publication  No.  65,  p.  25,  1908. 
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point  in  the  infra-red  is  read  from  the  spectrometer  circle.  For 
example,  the  sharp  absorption  band  of  sylvite  at  3.18A&,  usinga 
60®  fluorite  prism ,  is  found  at  a  distance  of  i**  25'  from  the  yellow 
helium  line. 

The  standard  lines  may  be  produced  by  emission  of  incandescent 
solids  and  gases;  by  transmission  through  solids,  liquids,  or  gases; 
and  by  reflection  from  plane,  highly  polished  surfaces  of  solids 
or  the  surface  of  a  liqtiid. 

The  radiation  from  an  ordinary  Bunsen  burner  furnishes  an 
intense,  sharply  defined  emission  band  at  4.40^1. 

Sharp  bands  of  selective  emission  of  oxides  in  the  form  of  solid 
rods,  heated  electrically  or  in  the  form  of  powders  upon  a  heater, 
are  easily  produced.** 

Zirconiimi  oxide  with  very  sharp  maxima  at  2.83/i  and  4.3Mf 
feldspar  with  sharp  maxima  at  2.88^1  and  4.5^1,  and  talc  with  a 
group  of  maxima  at  2.42/i,  2.75^1,  and  3.351*,  respectively,  are 
excellent  standards  of  this  type.  Salts  of  various  metals  in  the 
arc  of  cored  carbon  electrodes  give  strong  emission  bands  ••  near 
the  visible  spectrum.  This  tjrpe  of  radiator  is  not  easily  operated. 
The  mercury  arc  is  better  adapted,  and  it  has  strong  maxima  at 
i.oi4f(  and  1.129A&,  respectively.  Heliiun  gas  (vacuum  tube)  has 
maxima  at  i.o8/i  and  2.o6f(,  observable  with  delicate  instruments. 

Transmission  spectra  are  the  most  easily  observed,  as  noticed 
on  a  previous  page,  and  the  number  of  absorption  bands  stiitable 
reference  standards  is  too  numerous  to  mention.  \^thout  elabo- 
rate accessory  apparatus  a  rock-salt  or  a  fluorite  prism  can  be 
calibrated  by  resorting  entirely  to  transmission  spectra.  For 
example,  a  film  of  water  between  fluorite  plates,  or  a  plate  of 
selenite,  gives  the  bands  at  1.5,  2,  3,  4.75,  and  6.o8f(.  A  film  of 
coUodium  has  sharp  bands  at  6.05/i  and  7.85/i.  A  better  example  *^ 
and  one  that  would  cause  less  confusion  is  potassium  dichromate 
with  a  single,  very  intense  absorption  maximum  at  5.4/c,  or  potas- 
sium chlorate  which  has  a  similar  maximum  at  5.25A&.  Sylvite 
has  a  pair  of  very  sharp  absorption  bands  at  3.18/i  and  7.08/i, 
respectively.     Oleic  acid  has  strong  absorption  bands  at  5.86f(, 

**  This  bulletin,  5,  p.  159;  6,  p.  301,  1910. 

^  See  Carnegie  Publication  35,  1905.    This  bulletin,  2,  p.  457,  1907. 

^  Carnegie  Publication  65,  p.  57,  1908. 
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10.8/A,  and  14/&.  Carbon  tetrachloride  has  a  very  large  absorption 
band  at  13^1,  which  can  not  be  confused  with  any  of  the  small 
bands  which  are  present. 

The  reflecting  power  being  so  low  in  all  substances  yet  examined, 
except  quartz  and  selenite,  unless  one  has  very  sensitive  measming 
instnunents,  there  is  little  hope  of  success  in  working  out  a  cali- 
bration by  means  of  bands  of  selective  reflection. 

Some  gases,  e.  g.,  SO,  and  CO,,  have  sharp  absorption  bands 
suitable  for  calibration  work,  but  the  accessory  apparatus  is  not 
so  easily  manipulated  as  in  the  transmission  of  solids  and  liqtiids 
and  in  the  emission  from  oxides. 

Washington,  May  16,  191 1. 
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